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Abstract

Particle agglomerated 3-D nanostructures for photon absorption

Doctor of Philosophy, 2013
Mugunthan Sivayoganathan
Aerospace Engineering

Ryerson University

The main objective of this thesis is to investigate the photon absorption properties of particle
agglomerated 3-D structures that are synthesized through femtosecond laser ablation of solids.
The size and morphology of these particle agglomerated 3-D structures, which can be tailored

through adjusting laser parameters, determine the photon absorption property.

A systematic theoretical and experimental study was performed to identify the effect of lasers on
the size of the formed particles. The literature survey showed that the amount of supersaturation
influences the growth rate as well as the nucleation rate of vapour condensed nanoparticles.
Based on this theory, a mechanism was formed to explain the control of laser parameters over
the size of formed particles. Further, a theoretical explanation was proposed from the
experimental results for the transition of particle size distribution modals. These proposed
mechanisms and explanations show the variation in particle size in the particle agglomerated 3-D

nanostructures with laser parameters.



The effect of laser parameters on the formed ring size was studied. Based on the previous
studies, a mechanism was proposed for the formation of ring nanoclusters. The laser pulse
intensity dependent ponderomotive force was the key force to define the formation of ring
nanoclusters. Then the effect of laser parameters on ring size was studied. Structures fabricated
on several materials such as graphite, aluminosilicate ceramic, zinc ingot, gold, and titanium
were analyzed to show the influence of material properties, laser parameters, and the

environmental conditions on the size of ring formed.

The studies performed on the structures showed a minimum absorption of 0.75 A.U. in the
bandwidth from UV to IR. The absorption spectrum is much wider compared to existing
nanomaterials, such as silicon nanostructures and titanium dioxide nanostructures. To the best of
the author’s knowledge, it is a very competitive absorption rate when compared with the
previous nanostructures used in photovoltaic conversion. Several features of nanostructures
contribute to the enhancement of this light absorption. The special feature of the structure is that
ease to fabricate and modify the properties by varying the laser parameters could make it

competitive among other nanostructures available for solar cells.



Acknowledgements

My deepest gratitude is to my advisors, Dr. Bo Tan and Dr. Krishnan Venkatakrishnan. | have
been amazingly fortunate to have advisors who gave me full freedom to explore on my
own, and at the same time offering guidance to recover from my missteps. A special thanks
to Dr. Bo Tan, who taught me how to question my thoughts and express ideas. Her mentoring
and guidance helped me to become a disciplined researcher. | would like to thank my advisor
Dr. Krishnan Venkatakrishan, for being a great motivator and friend. Over the years | have come
to admire his humility, sense of humour, and generosity. He inspired me with his innovative

ideas and encouragement.

| thank my loving parents, whose intentions have always been for my happiness and fulfillment
in life. Their sacrifices are unmatched. | also thank my father-in-law and mother-in-law for their

kind assistance during the course of my study.

Most importantly, none of this would have been possible without the love, patience and
inspiration from my family: my wife and kids. | would like to express my heart-felt gratitude to
my family. My wife, Komathy shared all the stress and tension with me at difficult stages
throughout this endeavor. She showed utmost patience at times when frustrations gripped me. |
am indebted to her for her support and continuous encouragement. | would also thank my Kkids,

Vaamanan and Yaathavan for giving me relaxing interludes during my tough times.



| am grateful to my committee members Dr. Jason Lassaline, Dr. Jeffrey Yokota, Dr. Fengfeng
(Jeff) Xi, Dr.Hua Lu from Ryerson university, and Dr. Sivakumar Narayanswamy from
Concordia university for their advices to improve my thesis. | would like to thank to Dr. Jason
Lassaline, for his encouraging words and caring advices since | have started my studies in

Ryerson University.

I would like to thank my colleagues and friends from the “Laser micro/nano fabrication
laboratory” (Ryerson University) for their continuous encouragements. A special thanks for my
friend Dr. Balasubramaneyam Maniymaran of Amazon Canada Fulfillment for his assistance and

informative discussions.

At last but not least, | would like to remember Dr. M. A. R. V. Fernando and the late
Dr. G. K. Watugala of Department of Mechanical Engineering, University of Moratuwa, for their
kind support and guidance at the beginning of my studies. Though Dr. G. K. Watugala is no

longer with us, his thoughts will remain forever.

Finally, I would like to thank The God Almighty for all the success in my efforts.

Vi



Dedication

To my parents, for sowing the seeds of my education, for guiding me
through the hard times of my early life, and for showing me the path of
spirituality.

To my wife, for paving my success through her sacrifices, kindness, and

nurturing.

And to The God I see in the magnificence of Mother Nature.

vii



Table of Contents

List of Tables Xii
List of Figures Xiii
(@ gF=T o (=1 A a1 0o [T 1 o] o SRS 1
1.1  Silicon nanostructures for enhanced absorption efficiency..........cccocovevieiiiiciiciec, 2
00 0 A T | Tt T =V 01 T S PS 3
1.1.2  SIlICON NANOCONE ......eiteenieeiiesieesieeriesteeteeseesseesteaseesseeseeeseesseesaeeseeaseesseeneeaneesseenseaneenns 4
1.1.3  SiliCON NANOPYIAMIAS. ......eiieiieiiieiteite ittt 5

1.2 Titanium 0Xide NANOSIFUCTUIES .......ceeieieiesie ittt ee ettt ens 6
1.3 Nanostructures made of other materialS.............cooviirieriiiieie s 9
1.4 Remarks 0N [Eratlre SUMNVEY .........coiiiii ittt 11
1.5 Research Motivation and ODJECtIVES..........cccviiieiiiciic e 11
Chapter 2 Literature survey on laser ablative particle synthesis...........ccccccovvveiiiiiicinnnn, 13
2.1 VaPOUF CONUBNSALION . .....ccuiiiieiieiieiete sttt bbbttt sttt sbeene s 14

p Yo [ To =>4 (0] [T LA T o PSSR 16



2.3 HydrodynamiC SPULEEIING .....ccveiieeieiie ettt sttt sbe e e nas 17

2.4 SPAIALION. ... 17
2.5 Phase XPIOSION ........ooiiiiiiieie e 18
2.6 CoUlOMD EXPIOSION ... .ottt 19
2.7  Other particle forming MeChaniSMS ..........ccocviiriiiiieie e 20
2.8 SUIMIMAIY ..ttt ettt ettt e bttt e bb e bt e e bb e et e e shb e e s ke e e be e e ab e e sabeebeesbeeenbeenrneenes 21
Chapter 3 Experimental Setup and ProCeAUIE ...........coveieieeie e 23
3.1  Laser micro nano fabrication WOrKStation............cccooerereneiiiinisieieee e 23
3.1.1  Optical setup used for wavelength StUdY ...........cccoevveiiiiiiiiiie e 24
3.1.2  Optical setup used for other laser parameters StUdY ...........cccvvvrverereneiencnenenn 25
3.2 Irradiation and SPECIMENS. ........cuiieiirieiteite ettt bttt se bbb ere s 26
3.3 CharaCterization STUIES .........c.eivererieiierieeie e e ie e see et e e nee e ste e reenteaneesneeeas 27
331 Optical @DSOIPLION ..ot 27
3.3.1.1 Visible spectrum Spectrometer............ooviiiriinii e, 28

3.3. L2 UV-IR SPECIIOMELEL ...ttt e e e ee e 29

3.3.2  SIZE MEASUIEMENT ..e.eteeiieiieiteeieeiie st te et st e e ee e te s e st e nteeneesseesteeneesreenseeneenreennas 29
3.3.2.1 Nanocluster size by nano-tracking method.......................cocoiinenn. 30

3.3.2.2 Agglomerated particle size by manual measurement........................ 31

3.3.3  Physiochemical ANAIYSIS .........ccciiieiiiieiiece et 32

3.3.3.1 Scanning Electron Microscope and Energy Dispersive X-ray spectroscopy

(SEM = EDX) ..ttt 32
3.3.3.2 X-ray Diffraction analysis (XRD).........cccoovviiiiiiiiiiiiiiieeeen, 34
TR S TU 110 - VYT RPR 35



Chapter 4 Particle size of the particle-agglomerated 3-D nanostructure............cccccoeeveennene 36

4.1  Formation of particle-agglomerated 3-D NanOStrUCTUNE.............ccocviirreiieneic e 36
4.2  Experimental studies on particle size of 3-D nanostructures ...........ccccooeveeeienennninnne. 37
4.2.1  Effects of fluence ratio on particle size distribution at a constant repetition rate... 39
4.2.2  Effects of repetition rate on the particle size distribution at a constant laser power

.................................................................................................. 45

4.2.3  Effects of repetition rate on the particle size distribution at a constant fluence ratio
.................................................................................................. 48
4.3  Particle size distribution modal tranSitioN ...........ccceveiierieieie e 51
A4 SUMIMANY ©oootiiiiiitieite ettt bbb e e bt et e bt b e e e e e b e b e e b e e e e nbeen e s 52
Chapter 5 Ring size of particle-agglomerated 3-D nanoStruCtUres..........cccocveveveerenieeseennens 54
70 A T Vol g To] o] o] [0 V2SSO 54
5.2 Ring formation MeChaniSM ..........ccceiiiiiiii i 55
5.3  Experimental Study ON FINQ SIZE ......ccveiieiiicicceese e 62
5.3.1  Effect of material properties on the ring SIZe.........ccoveiieiieiie i 62
5.3.2  Effect of wavelength on the ring SIZe ......ccccoveieiiiie i 67
5.3.3  Effect of pulse duration on the rNg SIZE ........ccceveieiiiineiiiireeeee s 69
5.3.4  Effect of repetition rate on the ring size at constant power and the pulse energy .. 71
5.3.5  Effect of background gas on the ring SIZe..........cccoeieiiiiiinieninieeee s 72
ST S TU 1 10 - VYRR 73



Chapter 6 Study of photon absorption by particle agglomerated 3-D nanostructures....... 74

6.1  Experimental studies on particle size of 3-D NanOStrUCUIES ...........ccevvereenieeneninrennee. 74
6.2  Photon absorption studies on ablated region ...t 75
6.2.1  Study of optical absorption by visible- spectrum spectrometer............cccccceveruennee. 75
6.2.2  Study of optical absorption by UV-IR spectrometer ............cccocvevveviiieeiecinsnene. 76

6.3  Structure properties and photon abSOrption ...........cccovveviiie e 79
TR 50 R 411 To K] USSR 79
6.3.2  Depth Of NANOSIIUCTUIES .......ccuviiiieieee s 81
6.3.3  Size Of the NANOSIIUCTUIE........cviiie et 83
6.3.3.1 Agglomerated particle Size..........cocooiiiiiiii 83

6.3.3.2 Size 0f NANOCIUSTEr ... ..ee 85

6.3.4  Other MOrpholOgIeS .......ccoiiiiiiiie s 87
6.3.5  MALErial PRASES ......ciuveiiiiieiiee ettt ns 88
6.3.5.1 XRD ANlYSIS. .. vttt 88

6.3.5.2 SEM-EDX @nalysiS. ........oouiniiiiii i 90

TR YU 1 10 -V YRR 91
Chapter 7 Summary and ContribDULIONS............ccoiiiiiiiiiie e 93
APPENAIX A e bbb bbbttt bbbt 97
=] (=] o (oSSR 99
GlOSSANTES. ...t sttt ettt et et e et e st et e et e et e te e s e e st esae e st e ese e e teente e Rt e nReenteeneenReenteeneenneenren 107

Xi



List of Tables

Table 5.1: Materials used in experiments and their density, atomic weight, 1st ionization energy,

and average ring ODLAINE .........cc.oiiiiiee et e e reente e e eneennas 66

Table 6.1: Element ratios obtained from SEM-EDX along the cross section of nanostructures by

different polarized ultrafast lasers (a) circular (b) elliptical (C) linear.............cccooveveiieieenceenne. 90

xii



List of Figures

Figure 1.1: (a) Nanowire (b) Absorption curve for varying length [24] ..o, 3
Figure 1.2: (a) Silicon nanowire (b) Silicon cone (c) Absorption curves [23] .......ccccoceiviiiiniininne 4
Figure 1.3: (a) nanocones (b) absorption properties [31] ......cccoererererenirinirieeee e 5
Figure 1.4: (a) Nanopyramids (b) AbSOrption CUrVe [32]........ccceoeriiiiinininicieeee e 6
Figure 1.5: (a) Nanotubes, (b) absorption property [34]........ccooeeiiieiinininisieeee e 7
Figure 1.6: (a) Mesoporous titanium oxide spheres, (b) Absorption curve [36] .........cccccocvrvrinnne 8

Figure 1.7: Absorption curves for (a) doped TiO, powders, (b) mesoporous TiO, film, (c)

titanium oxide Particles [36], [37] .. eoeoereiiiieieiee e 8

Figure 1.8: (a) SiO2 coated Au NP (b) Absorbance spectra of Au NPs and SiO2 - coated Au NP

Figure 1.9: (a) TEM images of CdS with PbS tip (b) absorption spectra of three sizes of PbS-CdS

(black line), 10 nm (red line), 12 nm (green line) and 17 nm (blue line) [39]......cccccveririrnnnnne 10
Figure 1.10: (a) Hierarchically branched MoO3 nanostructures (b) Absorption spectrum [38] .. 10

Figure 3.1: Experimental setup for wavelength Study ... 24

Xiii



Figure 3.2: Experimental setup for polarization (A, ultrafast laser source; B, acousto-optic
modulator; C1 and C2, mirrors; D1 and D2, beam expander; E1 and E2, diaphragms; F,

galvoscanner; G, telecentric lens; H, nitrogen nozzle; I, sample; J, 3-axis stage; and W, wave

O] 1 C=) I TSSO PSP U PP PR PRPROPO 25
Figure 3.3: Wallaston prism to manipulate laser polarization .............c.ccocevviiinieienenencnesee, 25
Figure 3.4: Array Of MICIO-VIA [75] ...ccuoiiiiiiiieee e 27
Figure 3.5: Setup of visible-Spectrum SPeCtrOMELer...........cooiiiiieieiee e 28
Figure 3.6: Setup of UV-IR SPECIIOMETEN ......c.oeiiiiiieiiiiieieeeeie e 29
Figure 3.7: NANO-SIGNT SYSTEM .....o.viitiitiiiiiieieee bbb 30
Figure 3.8: Functioning of Nano-Sight SYSTEM ...........ccoiiiiiiiiiiee e 30
Figure 3.9: NaNOCIUSTEr SIZE STUAY ........coiiiiriieieieie it 31
Figure 3.10: Manual measurement of agglomerated particle size using Image J software .......... 32
Figure 3.11: Cross Section StudY 0N SEM.......ccoooiiiiiiiiiiiiiiieeeese e 33
Figure 3.12: Preparation of cross sectioned Sample.........cocoiiiiiiinineecee e 33
Figure 3.13 Mounting of sample on XRD sample holder...........cccooiiiiiiiiiiiic e 34

Figure 4.1: Evolution of laser plume, formation of nanoparticles, agglomeration of nanoparticles

in the plume, and the formed 3-D particle agglomerated NnanoStructures............cccceeevereneniennen 37

Figure 4.2: (a) Threshold power and (b) Threshold fluence of aluminosilicate ceramic. The

experiments were performed at 0.1 ms dwell time and 200 fs pulse duration............cccccceevervennee. 40

Xiv



Figure 4.3: Particle size distribution curves, when the fluence ratio was (a) 1.6, (b) 2.0, (c) 2.4,
(d) 2.8, and (e) 3.2 for constant repetition rate of 25.2 MHz. The sample of TEM images

obtained at (a) 1.6, (c) 2.4, and (d) 2.8 FlUENCE rati0S..........cccveivieeiiiiiie e 41

Figure 4.4: (a) average particle sizes (b) particle size dispersions obtained in the 3-D
nanostructures for different fluence ratios at constant repetition rate of 25.2 MHz. TEM images

with increasing fluence ratio giVEN IN X-Y=Z ..o 41

Figure 4.5: TEM images obtained from the 3-D nanostructure at repetition rates of (a) 2.1, (b)

4.2, (c) 8.4, (d) 12.6, (e) 25.2 MHz, at the constant power of 10.5 W.........cccccoviiiiiiiiiinciincnns 45

Figure 4.6: Particle size distributions obtained at the repetition rates of (a) 2.1, (b) 4.2, (c) 8.4, (d)

12.6, (e) 25.2 MHz, at the constant power 0f 10.5 Wi......c.ccooiiiiiiiniiieie e 46

Figure 4.7: Average sizes of agglomerated vapour condensed particles obtained in the 3-D

nanostructure at the constant POwer 0f 10.5 Wi........cccooiiiiiiiiiiiee e 47

Figure 4.8: TEM images obtained from the 3-D nanostructure obtained at the repetition rates of

(@) 4.2, (b) 6.3, (c) 8.4, (d) 12.6, (e) 25.2 MHz, at constant fluence ratio 0f 3.2.........ccccccvvrvennnns 48

Figure 4.9: Agglomerated particle size distributions obtained at (a) 4.2, (b) 6.3, (c) 8.4, (d) 12.6,

(e) 25.2 MHz during the laser ablation of aluminosilicate ceramic at constant fluence ratio of 3.2

Figure 4.10: Average sizes of agglomerated particles obtained in the 3-D nanostructure obtained

at CONSTANT FIUBNCE TAtI0 OF 3.2 oo, 50

Figure 4.11: Effect of laser fluence on the distribution modals at the constant power of 10.5W

and at the constant fIUENCE ratio OF 3.2 ..o vvveeii e, 51

Figure 5.1: SEM images obtained by 1030 nm central wavelength femtosecond laser ............... 54

XV



Figure 5.2: (a) Electric and magnetic fields on a plane surface of Gaussian pulse, (b) Electron
movement by electric field (c) Electron movement by electric and magnetic fields on a plane

surface (d) Ponderomotive force on free electrons by a Gaussian laser pulse...........c.cccocvevennenne. 60

Figure 5.3: (a) Interaction of laser pulse with plume, (b) Ponderomotive force on electrons and
induced accelerating force on atoms, ionic species, and neutral species on the cross section “A”

(c) Formed and agglomerated nanoparticles on ring NANOCIUSEENS ..........cccovvieiiiin e 61

Figure 5.4: SEM images obtained for single pulses with 1030 nm central wavelength on (a)
aluminosilicate ceramic, (b) aluminum, (c) glass, (d) titanium, (e) slide glass, (f) zinc ingot, (g)

graphite, (h) Silicon, (1) NICKEL..........coo i 63

Figure 5.5: Ring size with materials (a) graphite (b) nickel (c) aluminosilicate ceramic (d) zinc

ingot (e) gold (f) titanium, obtained at 11.0 W and 12.6 MHz with 1030 nm femtosecond laser 64
Figure 5.6: (a) 1030 nm wavelength (b) double wavelength 515 nm and 1030 nm..................... 67

Figure 5.7: Ring size distributions with central wavelength at (a) 1030 nm and (b) 515 nm and

0T 0 o o TR 68

Figure 5.8: Ring size distribution obtained from SEM images of silicon at (a) 300 fs, (b) 1000 fs,

(C) 5000 TS TOF 12.6 MHZ ...ttt te e aseesreeeeeneesneeee s 69

Figure 5.9: Ring size distribution obtained from SEM images of titanium at (a) 214 fs, (b) 714

S, (C) 3571 TS TON 12.6 IMHZ ..o 69

Figure 5.10: Ring size distribution obtained from SEM images of aluminosilicate ceramic for (a)

8.4 MHz (b) 12.6 MHz (c) 25.6 MHz at the constant power of 10.5W.........ccccoovevvvieiveieceee. 71

Figure 5.11: Ring size distribution obtained from SEM images of silicon for two different pulse

energies where pulse energy at (a) < pulse energy at (D) .......cccooeririiinniiine e 71

XVi



Figure 5.12: Ring size distributions obtained from SEM images of aluminum (a) without

background argon gas (b) with background argon gas ...........cccceeererinineninieeee e 72

Figure 6.1: Spectrums of reflected light on (a) pure silicon wafer and (b) nanostructures

fabricated by different POIarized 1SErS. .........cveiiieiiiiier s 76

Figure 6.2: The reflected spectrums obtained on 3-D nanostructures for (a) deuterium light rays
(b) halogen light rays (c) deuterium- halogen combined light rays, where c - circular polarization,

e - elliptical polarization, | - linear polarization, and S - unablated silicon wafer ....................... 77

Figure 6.3: The absorption spectrums obtained on 3-D nanostructures for (a) deuterium light rays

(b) halogen light rays (c) deuterium- halogen combined light rays.........ccccoivviiiiiiiiienieiiens 78
Figure 6.4: Reflected light rays on (a) surface (b) small ring (C) large ring........cccccceeeviivrennnne 79
Figure 6.5: For different polarized laser (a) ring size distribution (b) average ring size.............. 80

Figure 6.6: Travel of multi reflected light rays along the depth of nanostructure (a) schematic

diagram of rings (b) Vertical cross section of rings on plan X-X.........cccocevvrienveieniinneene e 81

Figure 6.7: SEM images obtained on cross sections of 3-D nanostructures fabricated by different
polarized lasers (a) circular, (b) zoomed image on X, (c) elliptical, (d) zoomed image on Y, (e)

linear, (f) ZOOMEd IMAJE ON Z........oiiiiiii ettt b b 82

Figure 6.8: Particle size characterization studies on nanostructures fabricated by different

polarized ultrafast lasers (a) Particle size distribution (b) Average particle size............cc.coe.e.e. 84

Figure 6.9: (a) to (c) Particle size concentration distributions for 3 consequent time intervals, (d)

average of particle size concentration, (e) standard deviation.............ccccocvererieieienene s 86

XVii



Figure 6.10: (a) Particles movement and their size intensity distribution (b) relative intensity

particle size concentration ODLAINEd............couiiiiieiiie e 86

Figure 6.11: SEM images obtained on cross sections of nanostructures (a) enclosed region D
shows the disoriented structure along cross section (b) Angled view of top wavy surface on

NANOSTIUCTUIE ...ttt e e s et e b e e e nre e e e e s re e e n e e nne e 87
Figure 6.12: Wavy top surface 0f NANOSTIUCIUIES ............cooiiiiieieiesic e 88

Figure 6.13: X-Ray diffraction analysis on nanostructures fabricated by different polarized lasers

(@) circular (b) elliptical (C) NG ..........cvieie e 89

Figure 6.14: A frame collected from sample 1p-pola showing Si-111 peak and Si-200 defect

peak coming from the SUDSIIALE .........ccvviieiiee et sne e 89

Figure 6.15: Line scan of SEM-EDX along the cross section of nanostructures by different

polarized lasers (a) circular (b) elliptical (C) HNEAT.........ccoeoviiiiiii e 90

XViii



Chapter 1 Introduction

Nanostructures have been extensively used in third generation solar cells to enhance the photon
absorption. Several semiconductors and metals are used in the synthesis of nanostructures for the
development of new generation solar cells. Silicon and titanium are extensively used in those
structures. Other materials include zinc (Zn), gold (Au), cadmium selenide (CdSe) alloys,

gallium arsenide (GaAs) alloys, aluminum (Al), and silver (Ag) [1-14].

Silicon nanostructures improve photon absorption efficiency in the visible wavelength, whereas
titanium nanostructures significantly enhance absorptance in the UV range. This chapter
provides a survey of these nanostructures. The description focuses on morphology, the
characteristics of photon absorption, as well as the fabrication methods used to create those
nanostructures. Finally, the motivation of this research thesis and the research objectives will be

discussed.



1.1 Silicon nanostructures for enhanced absorption

efficiency

Silicon has been extensively used in the manufacture of solar cells [15-20]. The solar cells made
of crystalline silicon (single crystal and poly-crystal) are the first generation cells. They have
conversion efficiency in the range of 25%-29%. The second generation cells are made out of
amorphous silicon films and have conversion efficiency around 10%. The third generation cells
adopt nanometre structures and conversion efficiency reaches 10%-16%) [21]. The conversion
efficiency is the percentage of solar energy converted into electrical energy. Although the second
and third generation cells cannot compete with the first generation ones in terms of efficiency at
the moment, they have attracted research interest because they can be mass-produced at a much

lower cost.

Silicon solar cells typically operate in the wavelength range of 400 to 1100 nm. Silicon
nanostructures of various morphologies such as nanotubes, nanowires, nanofunnels, nanoholes,
nanowells, nanocones, and nanorods have been synthesized [22-30]. Most of these
nanostructures are used to prototype dye sensitive solar cells. The unique optical properties of
these nanostructures increase photon absorption and light trapping, therefore, harvest light more
effectively. Furthermore, the architecture of these nanostructures promotes electron transport
and electron collection, which leads to better conversion efficiency. Thus, they promise solar
cells of better performance. The following few sections present a literature survey of several

types of silicon nanostructures.



1.1.1 Silicon nanowire

Silicon nanowire is the most researched silicon-based nanostructures for solar cell application.
Vapour depositions is the most commonly used method for the production of silicon nanowires.
Benedict O'Donnell grew silicon nanowires by vapour deposition, followed by a catalytic
treatment of Sn droplets [24]. Figure 1.1 shows the fabricated nanowire arrays and their

absorption spectrum.

% (b)

Absorptance (%)
-
S

—e— SINW cell (1 pm)
01+ SiNW cell (2 um)
«— SiINW cell (3 pm)

400 600 800 1000
Wave length (nm)

Figure 1.1: (a) Nanowire (b) Absorption curve for varying length [24]

The vapor condensation method generates randomly orientated silicon nanowires. Jia Zhu et al.
proposed sphere lithography to fabricate orderly aligned silicon nanowire forest. First, hot wire
chemical vapor deposition (HWCVD) was used to grow a thick (1 um) Si:H film on an indium-
tin-oxide coated glass substrate. Then the Langmuir-Blodgett method [23] was used to assemble
silica nanoparticles (NPs) into a close-packed monolayer on the top of the Si-H thin film. The
sample then went through a chlorine-based reactive ion etching (RIE). Those silica nanoparticles
functioned as etch-masks. Depending on the etching conditions and etching rates, Si-H

nanowires or Si-H nanocones could be fabricated [23].
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Figure 1.2: (a) Silicon nanowire (b) Silicon cone (¢c) Absorption curves [23]

Figure 1.2 shows the nanowire array and their photon absorption (refer absorptance) spectrum.
Generally, compared to randomly orientated nanowires, nanowire array demonstrated higher
absorption efficiency. This could be due to an increase in interaction of light rays with organized
array structures. Studies show that the length of the nanowire determines the absorption
efficiency. An increase in the length of nanowire increases the amount of photon trapping, thus,
higher absorption efficiency [24]. The typical length of silicon nanowires is in the range of 2 - 3

um [24].

1.1.2 Silicon nanocone

The above described sphere lithography method was also used to fabricate silicon nanocone
arrays [23] (shown in Figure 1.2(b)). Figure 1.3 shows a model of nanocones and the photon
absorption spectrum obtained by simulation studies. Their photon absorption properties could be

enhanced in the future by the deposition of an anti-reflection coating [31].
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Figure 1.3: (a) nanocones (b) absorption properties [31]

Compared to silicon nanowires, silicon nanocone arrays showed much higher absorption
efficiency (refer absorptance) in the wavelength range of 400 and 650 nm (nanocone 93%,
nanowires 75% and thin film 64% [23] in Figure 1.2). The conical surface of nanocones has an
added advantage. Along the outer line of the nanocone, absorption efficiency increases through
secondary absorption of scattered light. The significant advantage of nanocones is that they

broadened the absorption spectrum of silicon [31].
1.1.3 Silicon nanopyramids

Anastassios Mavrokefalos et al. used standard scalable micro fabrication techniques to create
inverted nanopyramids, as shown in Figure 1.4 [32]. The fabrication began with a silicon-on-
insulator wafer with the desired Si and SiO2 thicknesses. Then, interference lithography was
used to create arrays of holes on the Si-SiO2 layer. Finally, wet etching was carried out to

produce inverted nanopyramid arrays [32].
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Figure 1.4: (a) Nanopyramids (b) Absorption curve [32]

The final product is a silicon substrate with arrays of craters that the bottoms are in the shape of a
pyramid. An experimental study showed that inverted nanopyramids of less than 10 um depth
can absorb as well as 300m thick flat crystalline silicon substrates [32]. Further, experimental
and simulation studies performed on nanopyramids showed an expansion in the absorption

spectrum, compared to crystalline silicon [32], [33] .

1.2 Titanium oxide nanostructures

Today, roughly 90% of the photovoltaic market is dominated by single-junction solar cells
constructed with silicon wafers. The drawbacks of these cells are the cost of silicon and the
difficulties in the manufacturing processes. The invention of a new type of solar cell called Dye
Sensitive Solar Cell (DSSC) has started to play an important role in photovoltaic applications.

These cells are made with low-cost materials and formed on top of flexible sheets.
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Figure 1.5: (a) Nanotubes, (b) absorption property [34]

Nanostructures of titanium oxides have been extensively used in DSSCs, therefore it is also
called as nano solar cells. The absorption property of titanium oxide nanostructures is determined
by its phases, which can be controlled through thermal treatment. Further, Titanium oxides can
be formed into nanostructures with different morphologies, which also varies their absorption

properties [35].

Among all titanium oxide nanostructures that have been investigated for the purpose of photon
absorption, nanotube is the most studied. Several studies have been performed on the synthesis
of titanium oxide nanotubes and their optical properties were characterized [34], [35]. Figure 1.5
shows an example of the titanium oxide nanotubes fabricated by Oomman et al. [34] and their
reflectance spectrum. Titanium oxide nanotubes show a decrease in absorptance with an increase

in visible wavelength range.
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Figure 1.7: Absorption curves for (a) doped TiO, powders, (b) mesoporous TiO, film, (c) titanium oxide
particles [36], [37]

Other than nanotubes, mesoporous titanium oxide spheres, TiO, powders, mesoporous TiO, film,
and titanium oxide particles have been studied for photovoltaic applications [36], [37]. Figure 1.6
- 1.7 give examples of absorption spectrum of such titanium oxide nanostructures. Compared to
other nanostructures, these structures do not have advantage in visible wavelength range. But,
they demonstrated a sharp increase in UV range. This character can be used to expand the

bandwidth of absorption spectrum of a solar cell.



1.3 Nanostructures made of other materials
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Figure 1.8: (a) SiO2 coated Au NP (b) Absorbance spectra of Au NPs and SiO2 - coated Au NP [1]

Other than silicon and titanium oxide nanostructures, nanostructures of other material were also
researched either to increase the absorbance efficiency or to extend the bandwidth of absorbance
spectrum. Examples include metal nanoshells (GaAs, Ag, Au/SiO2) on different substrates,
SiO,-doped gold nanoparticles (Figure 1.8), supramolecular dye nanotubes, metal sulfide

nanotips (Figure 1.9), 3-D nanospike arrays, Au—CdSe nanorods, and dendritic and hierarchically

branched nanostructures (Figure 1.10) [1, 2, 21-23].
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Figure 1.9: (a) TEM images of CdS with PbS tip (b) absorption spectra of three sizes of PbS-CdS (black line),
10 nm (red line), 12 nm (green line) and 17 nm (blue line) [39]
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Figure 1.10: (a) Hierarchically branched MoO3 nanostructures (b) Absorption spectrum [38]

These examples show that the light absorption property of metal nanostructures is highly depend
on spectrum of light. They produced strong absorption in UV range and weak absorption in the

visible range.
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1.4 Remarks on literature survey

The previous survey reveals that the bandwidth of photon absorption of existing nanostructures
is limited to either UV or visual spectrum. Silicon nanostructures improve the photon
absorptance in the visible wavelength range. Nanostructures of other materials including titanium
nanostructures do not significantly improve absorptance in the visible spectrum, but expand the
absorption spectrum to UV range. None of these structures demonstrated strong absorption in IR

range.

1.5 Research Motivation and Objectives

The Laser Micro Nano Fabrication Laboratory at Ryerson University demonstrated that 3-D
nanoparticle network can be fabricated by a MHz frequency ultrafast laser ablation of solids. The
3-D nanoparticles network consists of many rings that interconnected by nanoparticles chains.
These nanostructures can be generated from almost all kinds of targets such as metals, alloys,
semiconductors, ceramics, glasses and polymer resin [41-44]. The silicon 3-D nanoparticle
network showed strong absorptance upon illumination [45]. A prototype nano solar cell
fabricated by colleagues using the same nanostructure reported a cell efficiency of 12% [46].
These previous research results indicated the potentials of using the 3-D nanoparticle networks

for light harvest.

The nanoparicle network has two main elements: particles and rings. Prior study indicates that
vapour condensation is the main mechanism of particle formation [47]. However, there is no

understanding on the mechanism of ring structure formation and the influence of laser
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parameters on the ring size and particle diameter. This knowledge can be used to optimize the
morphology of the 3-D nanoparticles networks, which may lead to the increase in photon
absorptance. Hence, this research aims to identify the structure formation mechanism and to
apply the findings to increase the efficiency of light absorptance. The main objectives of this

research are given below.

e Theoretical and experimental analysis of particle forming mechanism and the
identification of relationship between particle sizes with laser parameters through
fundamental analysis of plume properties.

e Understand the ring formation mechanism. ldentify laser parameters and process
parameters that alter ring size.

e Find the relation between photon absorptance efficiency and the morphologies of the

particle-agglomerated 3-D nanostructures.
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Chapter 2 Literature survey on laser

ablative particle synthesis

The morphology of the nanostructures determines their properties, thus, performance in potential
applications. This chapter explains the mechanisms that are involved in the formation of particles
by femtosecond laser ablation of solid targets. The relevant knowledge shall be used to identify
the mechanisms involved in the generation of particle-agglomerated 3-D nanostructures; hence

providing guidelines in tailoring their morphologies.

The extreme short duration of femtosecond laser pulses drastically reduces heat loss due to
conduction. Therefore, material is heated to a very high temperature rapidly. This characteristic
of the femtosecond laser enables it to heat any material to a high-density plasma state with
temperature and pressure above the critical point [48] . The high-density plasma is favorable for
the synthesis of fine particles, especially nanoscale particles. In fact, femtosecond lasers have
been used in low-volume synthesis of nanostructures of different morphologies for research

purposes [24, 25, 34-36].
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Many studies were performed on particle forming mechanisms. There are many publications
dedicated to in-depth analysis of particle size and particle structure [54-56]. These studies have
shown that many forming mechanisms could be involved during pulsed laser ablation, including
vapour condensation, sputtering, spallation, phase explosion, and solid exfoliation. The particle
size produced from the above given mechanisms vary from nanometer to micrometer. In actual
laser ablation, several mechanisms could be involved simultaneously. In addition, a few
secondary mechanisms are responsible for the growth of particles, such as coalescence and
fragmentation. Laser parameters such as fluence, repetition rate, wavelength, and pulse duration

determine the particle size and the size distribution.

2.1 Vapour condensation

During vapour condensation, particles are formed from the vapour plume species. Studies have
shown that this process takes place in nanoseconds. This time is much shorter than the plume
formation time (in 10 seconds) [57]. The time difference between the plume existence and the
particle formation ensures vapour-particle transformation.

The vapour phase of material can be formed through two routes. Normally an intermediate
transient liquid phase is present during phase transformation, but this is not always true. There
could be a possibility of direct vapour formation during pulsed laser ablation (i.e. solid material
directly transforms into vapour phase without an intermediate liquid phase), which is called
direct vapourization. It occurs (without spallation and forms vapour plume) when laser fluence
exceeds the evaporation threshold. The chances of melt ejection are rare during direct

evaporation.
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There are 4 stages involved in vapour condensation: cluster nucleation, growth, cooling, and
deposition. The species within a vapour plasma collide with the ambient gas molecules
frequently. The collisions lead to aggregation of tens to thousands of atoms or molecules,
forming nanoclusters. The formation of nanoclusters is governed by the plume expansion

dynamics.

Nanoclusters grow into nuclei by continuously colliding with species within an ablated vapour.
Cluster nucleation occurs when barrier energy due to surface tension is overcome by the surface
energy. Formation of the nucleus or stable cluster is governed by the temperature and the
concentration of the nucleating species (atoms, molecules, ions, and clusters), as well as the
properties of the ablated material [58] . The stable clusters further grow and form nanoparticles.
The size of nuclei and their consequent growth determine the size of the final nanoparticles.
Therefore, the starting point of nucleation and the plume existence time are of great importance

[59], [60].

The newly formed nanoparticles grow continuously by agglomeration. The growth of
nanoparticles continues until nanoparticles cool down and reach melting point. The cooling

process is governed by the ambient gas conditions.

The laser-material interaction involves highly dynamic, nonlinear plume expansion,
condensation, and nucleation processes. For example, the expansion velocity of a plume
produced by an intensity of 10° W/cm? would easily reach 10" cm/s, with more than 1 keV
directed kinetic energy [61]. The laser parameters and the properties of material being ablated
determine the plume properties, as well as the size of fabricated nanoclusters / structures. Studies
have shown that laser fluence, wavelength, repetition rate, and pulse duration played critical

roles in controlling the size of the nanoclusters [62]. Pinon et al. performed optical emission
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studies on femtosecond laser ablated plume. They showed that the plasma temperature increased
with the increasing laser fluence until it reached saturation. The intensity of the species ejected
also increased with laser fluence [63]. In another study, Eliezer et al. showed an increase in

plume species temperature with increasing laser irradiance [56].

Studies have shown that the particles formed by vapour condensation are much smaller than 100
nanometres. Presence of coalescence during vapour condensation may result in the formation of
micro-sized particles. Particles greater than 100 nm are normally generated by mechanisms other
than vapour condensation [57]. If long pulses (e.g. nanosecond pulses) are used for ablation, the
particles produced by vaporization may account for a small portion of the total mass removal
when compared to other mechanisms. The advantage of using femtosecond laser ablation is that
the majority of heated material can be converted into vapor instantly. Most of the particles
formed by femtosecond laser ablation grow from vapour. This guarantees that the synthesized

particles are in nanoscale.

2.2 Solid exfoliation

Solid exfoliation is the removal of material in solid state due to laser induced stresses. These
stresses increase with a decrease in the pulse duration or an increase in the pulse intensity. A
previous study shows possible occurrence of solid exfoliation in brittle or refractory materials,
e.g. ceramics [64]. The expelled particles are in irregular shapes. The irregular fractured

morphology is characteristics to this mechanism.
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2.3 Hydrodynamic sputtering

Hydrodynamic sputtering is a liquid ejection mechanism that occurs to pulsed laser ablation of
solids. The cyclic heating and cooling of the laser ablated surface results a pool of melted
material on the top surface. This liquid pool ejects fine liquid droplets. The spherical morphology
of the ejected particles, which is caused by the surface tension, confirms their initial form of
liquid phase. Transient melting and motion of melt liquid by steep thermal gradients and the
relaxation of the laser-induced pressure lead to the ejection of large droplets. The occurrence of
this mechanism could be identified from the size and the shape of the particles formed. Studies
have shown that the size of the particles formed is in the range of 100-200 nm [57] . The size of
the formed particles depends on density, surface tension, and the thermal coefficient of the
ablated material. The particles formed by this mechanism are smaller compared with those

formed by spallation and phase explosion.

The hydrodynamic sputtering shows a similar mechanism to exfoliation where instead of liquid,
solid is ejected. The hydrodynamic sputtering due to cyclic heating and cooling of laser ablated
surface cannot be used to explain particles bigger than 200 nm. A different mechanism, called
spallation, which takes place inside the melt pool could be used to explain the formation of

micron-sized spherical particles.

2.4 Spallation

Pulsed laser irradiation of solid induces rapid thermal expansion of ablated material. The impact

or stresses caused by the rapid expansion generate fragments. Spallation is the process of
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ejection of these fragments. It occurs when the laser fluence falls between the ablation threshold

and evaporation threshold of the material.

The mechanism for the formation of spallation is as follows. Fast energy deposition by short
pulse laser leads to a sharp temperature rise and the development of strong compressive-
thermoelastic stresses in the target material. These stresses generate tensile stresses, which form
voids in the melted zone. The evolution of voids occurs in two stages: (a) nucleation and growth
and (b) coarsening and coalescence. The number of voids and their sizes increase during
nucleation and growth, while small voids combine into large voids during coalescence. The
eventual percolation of voids through the melt leads to ejection of liquid layers of approximately

25 nm thickness and large droplets from irradiated spot [65].

In contrast to nanoscale particles formed by vapour condensation, the clusters formed by melt
ejections are in the range of 0.1 to 10 um. Since the fragments are ejected directly from the
surface of the solid, ambient gas pressure does not affect the fabricated particle size [62]. The

formed particles are in a spherical shape.

Vapour condensation account for very small portion of the mass removal during laser ablation.

However, spallation account for most of the mass removed from target material during ablation.

2.5 Phase explosion

As spallation, phase explosion or explosive boiling also causes a large amount of material
removal. A steep increase of the ablation rate at high irradiance is the evidence of the occurrence
of phase explosion. The threshold irradiance for the phase explosion showed a dependence to

laser spot size and the wavelength. A laser with larger beam size and longer incident wavelength
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needs higher laser irradiance for the occurrence of phase explosion. A study showed phase

explosion occurred on silicon for an irradiance greater than 10" W/cm? [66].

Laser pulses of high fluency (much higher than ablation threshold) create a crater on the ablated
surface. The super-heated liquid formed on top of the surface is transformed into a mixture of
vapour and liquid droplets. Due to the high pressure and temperature of the plume, liquid melt is
pushed from center of the target spot and forms a raised rim around the crater, similar to a
volcano crater. When the pressure is sufficiently large, the resulting momentum surpasses the
surface tension and ejects droplets around the rim. These particles are usually several microns in

diameter and are reported to be formed by the back coil or recoil pressure.

A study performed by Kelly and Miotello [67-69] with different heating sources claimed that
explosive boiling is the most efficient mechanism for material removal in nanosecond pulse
duration, but produced a poor quality of the ablated area. These mechanisms have been used to

synthesize micron sized glass fibers, which have great potentials in photo optics.

2.6 Coulomb Explosion

All previously discussed mechanisms regards laser as a high intense heat source, these
mechanisms are thermal processes. The Coulomb explosion is quite different. It is an
electrostatic effect induced by laser-matter interaction. The laser irradiation of surface leads to
the emission of electrons, which leaves positive holes on the surface. At high laser intensities, a
huge number of electrons emits from the surface and generates the same amount of positive
holes on the surface. Accumulation of positive holes leads to an unstable state of material
electrostatically. At one stage, materials fracture and emit positive ions and clusters from the

surface. This electrostatic repulsion is called a Coulomb explosion. A possible occurrence of this
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electrostatic repulsion could be prevented by the return of the emitted electrons to fill the
positive gaps. For some materials, especially dielectrics and semiconductors, this filling time is
in picoseconds, which is enough for the repulsion to take place. The emitted species travel in the

direction of the residual field [70], [71].

2.7 Other particle forming mechanisms

There are mechanisms involved in laser ablation that will not generate particles but may alter the
particle size distribution and the number of particles formed. These processes can occur from
several nanoseconds to several milliseconds after the laser pulse. There are three main

mechanisms: coagulation, fragmentation, and agglomeration.

Particles formed during ablation collide with each other and coalesce to form new large particles.
This process is called coagulation. It takes place if the momentum of the particles formed is high
enough or the particles formed are in liquid state. Coagulation normally occurs in the later stages

of particle formation.

The charging of particles through photoelectron emission and consequent explosive breaking up
due to accumulation of charges or heat during laser irradiation is called fragmentation [72]. It
involves a gradual decrease in the average particle size with an increase in laser fluence [73]. For
brittle materials, chances of brittle failure increase with laser induced stresses, which can lead to

form irregular shaped particles during fragmentation [64].

The particles formed during laser ablation are highly charged with electrons in the plasma. These

particles fuse and form strong bonds in the shape of a chain or web. Similar to coagulation,
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particles formed by agglomeration also increase in size. Agglomerates start to form as soon as

the condensation starts.

2.8 Summary

The above literature provides a survey on particle forming mechanisms that take place during
laser ablation of solid targets. These mechanisms mostly take place simultaneously. Dependent
on the laser intensity and other conditions, one or two mechanisms dominate. This is because the
intensity distribution within a laser spot is not uniform (in Gaussian profiles). The peak power
along the radial direction decreases from terawatt to zero. If the maximum fluency of a laser spot

exceeds the evaporation threshold, it produces more than one type of particles [74].

Even though many theories exist to explain the formation of particle produced by laser ablation,
these theories are far from completion. Experimental results obtained by different research teams
did not show consistency in outputs. This inconsistency is due to the varying nature of the

experimental setup and lack of capable detection and process analyzing tools.

Normally, hydrodynamic sputtering, spallation, and phase explosion produce micro-sized
particle. Solid exfoliation can be identified by the irregular morphology of the fabricated
particles. The difference between the Coulomb explosion and solid exfoliation are that the
former mechanism occurs by accumulation of electrostatic energy, while the latter by the
accumulation of thermal stresses. Coagulation, fragmentation, and agglomeration are the
secondary particle forming mechanisms. These mechanisms do not involve in the fabrication of

particles directly, but vary the size of particles that already formed.
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Among the above discussed particle forming mechanisms, vapour condensation is the only one
that produces nanoparticles and it is the main mechanism responsible for the formation of

particle agglomerated 3-D nanostructures.
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Chapter 3  Experimental Setup and

Procedure

This chapter explains the experimental setup adopted and the procedures followed. The main
piece of equipment used for this research study is a femtosecond laser system with megahertz
repetition rate. The system is located in the Micro and Nano Fabrication Research Laboratory at

Ryerson University, Toronto, Canada.

3.1 Laser micro nano fabrication workstation

An in-house built laser micro nano fabrication workstation was employed for this study. The
laser system is a diode-pumped Yb-doped fiber oscillator / amplifier system. It produces an
average power of 12 W with repetition rates at 200 kHz, 2, 4, 8, 13 and 26MHz. Pulse duration

can be set at 10 ps, 300 fs, 700 fs and 200 fs.

Two sets of experiments were performed. One optical configuration was designed to perform
nanostructure fabrication with laser beam of double wavelengths (1030 nm and 515 nm). This
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setup was used to investigate the relation between wavelength and ring size. The other optical

configuration was used to fabricate nanostructures by a laser beam of a single wavelength

(1030 nm). This setup was used to study all laser parameters other than wavelength and their

influence on the size and morphology of created particle-agglomerated nanostructures.

3.1.1 Optical setup used for wavelength study

Figure 3.1 gives the optical setup used to generate laser beams of double wavelength. The

A2 wave plate is used to rotate the polarization direction of linear polarized laser radiation. A

beta barium borate (BBO) crystal is used for second harmonic generation (SHG). The output

consists of two femtosecond laser pulses of wavelengths 515 and 1030 nm with a pulse width of

214 fs. The time delay between the two pulses is calculated to be ~ 1 ps.
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Figure 3.1: Experimental setup for wavelength study

As pulse repetition rate increases, the efficiency of SHG reduces significantly. In the absence of

BBO crystal the output consists of only 1030 nm laser pulses.
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3.1.2 Optical setup used for other laser parameters study

The schematic drawing of the laser setup used to study laser parameters other than wavelength is
given in Figure 3.2. The output diameter of laser beam was 4.5 mm then expanded to 9 mm
using a combination of UV fused silica plano-convex (F’ = 100) and a plano-convex (F’ = 200)
lenses. A polarizer and analyzer are used to rotate and analyze the beam polarization. A shutter is

used for pulse number control.

Figure 3.2: Experimental setup for polarization (A, ultrafast laser source; B, acousto-optic modulator; C1
and C2, mirrors; D1 and D2, beam expander; E1 and E2, diaphragms; F, galvoscanner; G, telecentric lens;
H, nitrogen nozzle; I, sample; J, 3-axis stage; and W, wave plate)

C B

Figure 3.3: Wallaston prism to manipulate laser polarization
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For polarization studies, a Wollaston prism was kept in between mirror “C2” and diaphragm
“E2” as shown in Figure 3.3. Rays marked as “A” in Figure 3.3 represents the reflected laser
waves from mirror “C2” towards galvoscanner “F”. To produce circular polarization, A/4 wave
plate was kept in between lens “D2” and diaphragm “E1”. The wave plate was adjusted until
equal intensity laser lights were obtained after Wollaston prism, i.e. “B” and “C”. The intensity
of the laser was confirmed by placing a IR viewing card, which lights up with respect to laser

intensity, across “B” and “C”.

Same procedure was repeated for other two polarized lasers. However instead of A/4 wave plate,
M2 wave plate was used. For elliptical polarized laser, wave plate was rotated until unequal laser
intensities were obtained, across “B” and “C”. For linear polarized laser, wave plate was rotated

until maximum laser intensity obtained in “C”.

3.2 Irradiation and specimens

The spot size of the beam at the sample is calculated to be 10.38 um. Due to optical errors and
distortion, the actual laser spot is estimated to be around 20 um. The laser radiation is focused
onto the specimen surface to drill arrays of microvias. The computer connected to the laser
system will control the laser beam to hit the sample surface 40 spots in sequence. The

experiments were carried out in air at atmospheric pressure.
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Figure 3.4: Array of micro-via [75]

The galvoscanner was used to scan in the x—y axes using EZCAD software, in a predetermined
scan pattern: an array of points with a center-to-center distance of 100 um. Figure 3.4 shows an

array of micro-via obtained.

The crystalline silicon wafers with an orientation of (100) and slabs (of aluminosilicate,
aluminum, glass, titanium, slide glass, zinc ingot, graphite, and nickel) are used as target

materials.

3.3 Characterization studies

The physiochemical properties of fabricated structures are analyzed by several technigues, such
as optical absorption, morphology identification (nanotracing, Scanning Electron Microscopy,
and Transmission Electron Microscopy), and phase and element analysis (X-ray Diffractor,
Energy Dispersive X-ray Spectroscopy). Below sections showed the setup and the procedure

followed during experiments.
3.3.1 Optical absorption

Optical absorption studies on fabricated nanostructures were performed using two spectrometers.

Visible-spectrum spectrometer produced reflection spectrums for visible lights only, whereas
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UV-IR spectrometer produced spectrums from UV to IR, i.e. wavelength in between 200 nm and

1100 nm.

3.3.1.1 Visible-spectrum spectrometer

The nanostructures fabricated by laser system were studied for photon absorption under this
spectrometer. A sample of silicon wafer with a minimum of 10 mm? area was prepared for
irradiation using femtosecond laser. The reflection spectrum on fibrous nanostructure layer was
measured using USB2000+RAD spectroradiometer, Ocean Optics, USA. The reflectance was
measured for wavelengths in the range of 550-1000 nm, with 1 nm increments. This
spectrometer provides a resolution of 0.35 nm and capture and store a full spectrum into memory

every millisecond (1000 full spectra every second).

Spectrometer
Light source
Data analyzing system

Light emitting prop _#71 Detective prop
b, 7 4

(:)Ablated area

Silicon wafer

Figure 3.5: Setup of visible-spectrum Spectrometer

Figure 3.5 shows the schematic of visible-spectrum spectrometer used for the study. In this
system, two different probes were used for light source and detect and measure the reflected

light. This set up possibly increases the error in spectrum study.
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3.3.1.2 UV-IR spectrometer

A UV-IR spectrometer (AvaSpec-2048 Fiber Optic Spectrometer) was used to study the reflected
spectrum in the range of 200 nm to 1100 nm. The system was fixed with a 2048 pixel CCD
Detector Array. The spectrometer has a fiber optic entrance connector, collimating and focusing
mirror and diffractional grating. Presence of a focusing mirror increased the intensity of light on
the sample. This spectrometer is especially suitable for low light level and high resolution

applications. It was calibrated for stray light condition with off-focus light.

Spectrometer

Data analyzing system

Light emitting and
Detecting prop

Figure 3.6: Setup of UV-IR Spectrometer

Figure 3.6 shows a schematic diagram of the setup of UV-IR spectrometer. The presence of
single probe for both light emitting and light detecting functions increases the accuracy of this

system than previous spectrometer.

3.3.2 Size measurement

Two different types of sizes were studied on the particle agglomerated 3-D nanostructures: the

size of the nanocluster and the size of the agglomerated particles in the nanocluster. Nano-
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tracking method was used to study the size of the nanocluster, whereas a manual measurement
was performed on the Transmission Electron Microscope (TEM) images to identify the size of

the agglomerated particles in nanocluster.

3.3.2.1 Nanocluster size by nano-tracking method
The size of the nanocluster in the 3-D nanostructure and their concentration was identified by a

nano-tracking method. Size of the nanocluster plays a key role in photon absorption.
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Figure 3.7: Nano-sight system
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Figure 3.8: Functioning of nano-sight system
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Figure 3.9: Nanocluster size study

Figure 3.7 shows the nano-sight system used to study the nanoparticle tracking. The
nanostructure was separated from the silicon wafer into water as agglomerated particles by
ultrasonic vibration. For this procedure, a small amount of prepared water (with the
nanostructure) was injected into nano-sight holder. As shown in Figure 3.8, the scattered laser
beam was studied and the nanocluster size concentration was obtained. Figure 3.9 shows the
schematic of nanocluster size measured using above technique. It shows scattering of laser light

on a broken piece from ring nanocluster, which is made of agglomerated nanoparticles.

3.3.2.2 Agglomerated particle size by manual measurement

Individual agglomerated particles were measured manually using “Image J” software on TEM

image of the particle agglomerated 3-D nanostructures.
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Figure 3.10: Manual measurement of agglomerated particle size using Image J software

The schematic in Figure 3.10 shows manual measurement of agglomerated particle size carried

out using this software.
3.3.3 Physiochemical Analysis

The morphology of the generated nanostructures was examined under a scanning electron
microscope (SEM) and a transmission electron microscope (TEM). An energy dispersive X-ray
spectroscopy (EDX) and x-ray powder diffraction (XRD) were used to analyze material phases

and element ratios.

3.3.3.1 Scanning Electron Microscope and Energy Dispersive X-ray
spectroscopy (SEM - EDX)

Fabricated nanostructures were studied using a medium size chamber, variable pressure SEM
(Model: SU1510 Hitachi). Morphologies such as top surface view and cross sectional view were
performed with the SEM and the chemical element analysis was performed using EDX of the

system.
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Figure 3.11: Cross section study on SEM

The system has quad bias gun electronics, which greatly improves the low voltage performance
and increases beam current well suited for EDX measurements. Figure 3.11 shows a schematic
of experimental setup used to study the cross sectional view of the nanostructure fabricated on a
silicon wafer. The schematic in Figure 3.12 shows the processes involved in the preparation of
cross sections of the silicon wafer. Silicon wafer was scratched by diamond cutter as shown in
Figure 3.12. One side of the wafer was held firmly on a stable surface by a holding force and a
finger force was applied on the other side of the wafer to break it along the scratch. Several sets

of studies performed until a stable cross sectional view was obtained.
Holding force

Silicon wafer Ablated region

\ j Finger force
Scratch using —— % ¢

Diamond cutter

Figure 3.12: Preparation of cross sectioned sample
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The cross sectioned sample was fixed on top of a sample holder using an adhesive, conductive
carbon ink. The conductance of the silicon wafer was increased through gold spatter coating to

improve the quality of the SEM image obtained.

3.3.3.2 X-ray Diffraction analysis (XRD)

The X-ray diffraction analysis was used to identify the phases of chemical compounds in
fabricated nanostructures. The x-ray powder diffraction patterns were collected on Bruker AXS
D8 Discovery GADDS diffraction system. Bruker AXS D8 Discovery Diffraction System was
equipped with: high-power point focus from Cu-ka. target, operating at 40 kV and 40 mA, small
local beam spot (0.5 mm) allow micro-diffraction from different locations on the sample, high
accuracy laser beam video camera for alignment of the selected area, Graphite monochromator

(26.53°) for elimination of Cu-kp lines, and Hi-Star GADDS area detector for 2-D images.

Figure 3.13 Mounting of sample on XRD sample holder

Figure 3.13 shows the mounting of a sample and its alignment with the laser beam. The central

spot was the beam size. The diffraction pattern is collected as 2-3 high-resolution 2-D frames
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(1024x1024 pixels). Each one of them covers a certain range (approx. 20° 2-theta). After an
accurate integration of the whole areas of the diffraction images they were converted to the
common Intensity vs. 2-theta diffraction graph. The ranges were then combined into one

diffraction pattern.

3.4 Summary

This chapter shows the experimental set up and the instruments used in the synthesis and the
characterization of nanostructures. An in-house built, diode-pumped Yb-doped fiber oscillator /
amplifier femtosecond laser system was used to synthesize nanostructures. Two different optical
set-ups were used in the studies. The morphologies of the fabricated nanostructures were studied
by TEM and SEM, where the elements and the phases in the structures were identified using
SEM-EDX and XRD respectively. Size of the particles and clusters in the nanostructures were
studied from TEM images and nano-tracking method. The optical absorption studies were

performed using two different spectrometers with two different radiation spectrums.
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Chapter 4  Particle size of the particle-

agglomerated 3-D nanostructure

This chapter studies the influence of laser parameters on the size of 3-D nanoparticles networks.
Size of nanostructures plays a key role in controlling the property of photon absorption of the

fabricated 3-D nanostructures.

4.1 Formation of particle-agglomerated 3-D

nanostructure

Figure 4.1 shows the processes involved in the formation of particle agglomerated 3-D
nanostructures. The interaction of pulsed laser on target leads to material evaporation. The
evaporated vapour condenses and forms nanoparticles. These particles agglomerate to each other
and forms 3-D nanostructures. The TEM image on Figure 4.1 shows how particles agglomerated

in 3-D nanostructures.
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Figure 4.1: Evolution of laser plume, formation of nanoparticles, agglomeration of nanoparticles in the
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Experimental studies revealed that the agglomeration of particles normally occurs at high
repetition rates, which is due to the increased interaction of laser pulse on the formed particles in
the plume. The structures were formed with irregular ring morphology as shown in the SEM

image in Figure 4.1.
4.2 Experimental studies on particle size of 3-D

nanostructures

A better understanding of laser parameters and how they affect the particle size distributions are
important to improve the properties of particle agglomerated 3-D nanostructures and their
performance in intended applications. Three different studies were performed to analyze the

particle size distributions with laser parameters: varying repetition rate at constant power,
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varying repetition rate at constant fluence ratio, and varying fluence ratio at constant repetition
rate. Equation 4.1 was used to calculate the fluence ratio.

Applied fluence (Jem™32)
Threshold fluence (Jem=2)

Fluence ratio =

(4.1)

In equation (4.1), threshold fluence is the minimum laser fluence needed to initiate the ablation,

which was calculated using equation 4.2.

Threshold power (W
Threshold fluence (Jem™2) = P W) (4.2)

~ Repetition rate (Hz) x Laser spot area (cm?)

In equation 4.2, the power that initiates ablation (at threshold fluence) is called threshold power,
which was experimentally identified and the repetition rate is the number of laser pulses

delivered per second. The size of the laser spot area is calculated using equation 4.3.

md,?
Laser spot area = 2 (4.3)

where, d;is the laser spot diameter, which is calculated with equation 4.4 [76].

1.27AF
d, = TO (4.4)

where, A is the wave length of the laser, D is the laser beam diameter at the input of

galvo-scanner, and F, is the effective focal length of scanner lens.
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From the above mentioned three experimental studies, an explanation to relate the variation in
particle size distribution with laser parameters and the plume properties is suggested. Further,
the effects of laser parameters on the particle size distribution, the average particle size of the
agglomerated particles in 3-D nanostructures as well as the modal transition laser fluence are

explained.

4.2.1 Effects of fluence ratio on particle size distribution at a

constant repetition rate

The TEM images of 3-D nanostructures obtained during experiments were made of fused
nanoparticles as shown in Figure 4.1. The spherical nanoparticles were joined to form 3-D

nanostructures.

Initially, experiments were performed to study the threshold fluence of aluminosilicate ceramic
at different repetition rates. The study was performed with laser parameters of 200 fs pulse
duration and 0.1 ms dwell time as shown in Figure 4.2. At each repetition rate, samples were
ablated in atmosphere with increasing laser power until the initial ablation point was obtained.
The initial ablation point was confirmed using SEM. Both threshold fluence and threshold power
versus repetition rate are shown in Figure 4.2. Experiments were performed with varying fluence
ratio. The maximum fluence ratio was taken as 3.2, which is the ratio between the laser power

and the maximum threshold power at 25.2 MHz repetition rate.
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Figure 4.2: (a) Threshold power and (b) Threshold fluence of aluminosilicate ceramic. The experiments were
performed at 0.1 ms dwell time and 200 fs pulse duration

A decrease in threshold fluence was obtained with the increase in the repetition rate. At high
repetition rates, ablation efficiency increases due to the hypothesis of heat accumulation on the
surface of material with the number of pulses. It tends to decrease the ablation threshold [77].
When the repetition rate was increased from 12.6 MHz to 25.2 MHz, the curve becomes
saturated. It shows the existence of a minimum threshold fluence to start the ablation [78].

The particle size characterization studies showed that the range of particles in the 3-D
nanostructure was from 7 to 31 nm. The procedure followed to measure agglomerated particle
size was provided in section 3.3.2.2. This range indicates that the particles in the structures were
made by vapour-condensation [62]. The particle size distributions in 3-D nanostructures (shown
in Figures 4.3a - 4.3¢), their averages, and their dispersions (shown in Figures 4.4a - 4.4b) were
studied. A mathematical modal study of laser-induced particle formation showed that the
nanoparticle sizes formed by vapor condensation fit within a bimodal distribution curve [58].
The results showed unimodal distribution rather than bimodal distribution. The possible reason
could be the difference in the ablated material in our studies and the presence of species in the

formed plume.
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Figure 4.3: Particle size distribution curves, when the fluence ratio was (a) 1.6, (b) 2.0, (c) 2.4, (d) 2.8, and (e)
3.2 for constant repetition rate of 25.2 MHz. The sample of TEM images obtained at (a) 1.6, (c) 2.4, and
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Figure 4.4: (a) average particle sizes (b) particle size dispersions obtained in the 3-D nanostructures for
different fluence ratios at constant repetition rate of 25.2 MHz. TEM images with increasing fluence ratio
given in X-Y-Z
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TEM images in Figures 4.3 - 4.4 show an increase in the average particle sizes and their
dispersions with increasing fluence ratio. The size of the 3-D nanostructure varies with the size
of joined particles. This study shows that the laser fluence played an important role in
determining the size of joined particles and thus the size of the nanostructures. Approximately
150 particle sizes were measured from each sample and 10 samples were studied to obtain each
average particle size. The average particle sizes in 3-D nanostructures increased from 10 to 20
nm when the fluence ratio was increased from 1.6 to 2.4. The average particle size remained at
an approximately constant diameter of 20 nm when the fluence ratio was increased beyond 2.4 to
3.2. The corresponding changes in laser intensities and laser fluences were 3x10*° to 6x10™

W/cm?and of 0.37 to 0.84 J/cm?, respectively.

Even though it is not accurate to compare the values obtained from different studies due to the
varying nature of the devices, ambient conditions, and material properties, the value varying
trends in the obtained results could be. The obtained results have a good agreement with those
obtained previously by different researchers for the size variation of singly distributed particles.
Vitiello etal. have shown the same trends in the averages and the dispersions of gold
nanoparticle sizes produced using laser fluence and laser intensity values from 0.3 to 1.1 J/cm?
and 3x10™ to 1.1x10"W/cm?, respectively [54]. Another study of fabricated nickel and silicon
nanoparticles showed similar trends in the range of particle sizes with laser intensity [55]. The
important difference between the current study and already performed studies by other
researchers is that the effects of laser parameters on the joined particles of the 3-D nanostructures
were analyzed, instead of singly distributed. The joined particles control the size of

nanostructures as well as their properties.
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Laser-material interaction studies have shown that the laser plume temperature increases with the
increase in laser energy and intensity [56], [63]; also the amount of supersaturation and the
nucleation rate decrease with the increase in the plume temperature [58], [79-81]. Vapour
condensation theories showed that the rate of nucleation increases faster than linear with the
amount of supersaturation. However, the rate of condensational growth of particles is
approximately linear with the supersaturation. Hence, the average sizes of formed particles
decrease with an increase in the supersaturation [82]. By considering all those previous research
results, an explanation is formed to predict the formed particle sizes. The variation in average
particle sizes in Figure 4.4 could be explained as follows. Increasing (plume) temperature leads
to a chain of effects: an increase in (plume) pressure, a decrease in the amount of supersaturation,
and a decrease in nucleation rate as well as the growth rate. Though both nucleation rate and the
growth rate decrease with an increase in plume temperature, the effect of the decrease in
nucleation rate overcomes the growth rate, which results in the increase of average particle sizes

formed [61], [79-83].

At very high fluence ratio (between 2.4 to 3.2), the plume temperature becomes saturated, which
could be reflected by the saturation in the average particle size in Figure 4.4 (a) [84]. Though
plume temperature is saturated at high fluences, the amount of material ablation continuously
increases. This leads again to an increase in saturation of plume, which reduces the size of
particles formed. This change could be observed in Figure 4.3 [between (d) and (e)], where the
maximum particle size decreases when the laser fluence increased from 2.4 to 3.2. The range of
particle sizes increases with fluence ratio because the nucleation of particles occurs until the final

constant condensation temperature is reached [62]. Figure 4.4 (b) shows an increase in particle
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size dispersion from 2 to 4 nm with the increase in fluence ratio. This may be due to the change
in plume size and the particle cooling rate through the plume with the increase in laser fluence.

The effect of changes in laser fluence along with the used Gaussian laser pulse could be reflected
by the particle size distribution obtained in Figure 4.3 (a) - 4.3 (e). Fewer large sized particles
represent the possible peak fluence, fewer small sized particles represent the possible low edge
fluence, and high number of average size particles represents the possible average fluence
portions of the laser profile. Further, the Gaussian profile pulse is a combination of laser waves
with different energy levels. There is a high possibility that more than one mechanism take place
during particle formation [74]. However, previous particle characterization studies confirmed the
presence of only vapour condensed particles. The possible reason could be the direct evaporation
of species during laser ablation without an intermediate melt zone due to ultra-short femtosecond

pulse duration.

Disagreements may exist in applying nucleation theory for nano-scaled structures. But the
studies in aerosol particle formation performed by previous researchers confirmed the likelihood
of this theory [85]. Another study showed that the nucleation theories could be applied when the
critical size is greater than 16 to 20 molecular formulas [86]. For different gas—liquid nucleation
conditions, a consistent underestimation in the nucleation rates for different temperatures and
super-saturations were recorded. However, the trends in changes of averages and dispersions of

particle size presented agreed well with nucleation theories [87].
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4.2.2 Effects of repetition rate on the particle size distribution at a

constant laser power

TEM images obtained at different repetition rates are shown in Figure 4.5. At each repetition
rate, the sizes of agglomerated particles were measured from these images, and the particle size

distribution curves were obtained, which are shown in Figure 4.6.
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Figure 4.5: TEM images obtained from the 3-D nanostructure at repetition rates of (a) 2.1, (b) 4.2, (c) 8.4, (d)
12.6, (e) 25.2 MHz, at the constant power of 10.5 W

In Figure 4.6, the particle size distributions obtained at the repetition rates of 2.1, 4.2 and 8.4
MHz are bimodal, while 12.6 and 25.2 MHz are unimodal. Studies have shown that the
mechanism that forms nanoscale particle size distributions during femtosecond laser ablation is
the vapour condensation. The average particle size formed by vapour condensation is well below
100nm due to the high cooling rate of the expanding plasma [88].

The particle size distributions shown in Figure 4.6 are in nanoscale, which indicate the
occurrence of the vapour condensation process during particle formation. The chances of
forming bimodal distribution decreased with an increase in repetition rate.

Formation of a bimodal distribution is determined by how the particles are formed during
nucleation. Previous studies have shown that the nucleation during vapour condensation can take
place in two different routes, under the influence of ionized species and under the influence of

neutral species. The growth rate of particles under the influence of ionized species is higher
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compared to the neutral species [89]. At constant laser power, an increase in repetition rate
decreases the laser fluence and thus the amount of ionized species formed in the laser plume
[61]. The presence of higher amount of ionized species in the plasma due to the increase in laser
fluence increases the growth of particles, whereas neutral species in the same plume grow on
their normal phase. The combined effect of growth rates from these two streams could be the
reason for the formation of bimodal particle size distribution. If the amount of ionized species
presence in the plume is not sufficient, due to the decrease in laser fluence, the particle growth is
only influenced by the neutral species, which results in the formation of unimodal distribution.
This study shows that the decrease in ionized species presence in the plume could be the possible

reason for switching from bimodal to unimodal particle size distribution.
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Figure 4.6: Particle size distributions obtained at the repetition rates of (a) 2.1, (b) 4.2, (c) 8.4, (d) 12.6,
(e) 25.2 MHz, at the constant power of 10.5 W
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Figure 4.7: Average sizes of agglomerated vapour condensed particles obtained in the 3-D nanostructure at
the constant power of 10.5 W

The average particle sizes at each repetition rate are plotted in Figure 4.7. The average particle
size was obtained by adding the diameters of particles at each repetition rate and dividing by the
total number of particles at that particular repetition rate. Three sets of experiments were
performed for each repetition rate and the error bars show the variation in average particle size.
The rate of nucleation of vapour condensed particles increases faster than linear with the amount
of supersaturation. However, the rate of condensational growth of particles is approximately
linear with the supersaturation. Hence, the average size of formed particles decreases with an
increase in the supersaturation [82]. Furthermore, an increase in the plume temperature decreases
the amount of supersaturation, which results in forming larger particles [81]. Factors that
determine the plume temperature for varying repetition rates could be the laser fluence and the
amount of heat accumulation due to the decrease in pulse interval. An increase in the laser
fluence as well as in heat accumulation results in the increase of plume temperature [63], [90].

Laser fluence and heat accumulation have an opposite influence on plume temperature.
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In Figure 4.7, the average particle size decreased with the increase in the repetition rate. At
constant laser power, an increase in the repetition rate decreases the laser fluence, which
decreases the plume temperature and increases the supersaturation. These changes led to a
decrease in the average size of particles formed with increasing repetition rate at constant laser
power. This study shows that laser fluence plays a more critical role in controlling the average

particle size than the heat accumulation, when the repetition rate is increased at constant power.

4.2.3 Effects of repetition rate on the particle size distribution at a

constant fluence ratio

Agglomerated particle size distributions were studied in the 3-D nanostructures for different
repetition rates at the constant fluence ratio of 3.2. The study was performed with the maximum
possible fluence ratio that could be obtained from our laser system to increase the chances of
getting nanostructures at all repetition rates and to harvest the maximum number of
agglomerated particles on those structures. Figure 4.2 (a) shows that the threshold power for
repetition rate of 25.2 MHz was 3.25 W. The maximum power from our laser system is
approximately 10.5 W (on the material surface). From this, the fluence ratio was taken as 3.2,
and this ratio was maintained at all repetition rates. The constant fluence ratio was taken to

minimize the effect of change in threshold fluence with repetition rate.
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Figure 4.8: TEM images obtained from the 3-D anostructure obtained
6.3, (c) 8.4, (d) 12.6, (e) 25.2 MHz, at constant fluence ratio of 3.2

at the repetitin rte of (a) 4.2, (b)
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The experiments were performed to study the agglomerated particle size distributions in the 3-D
nanostructures at the constant fluence ratio of 3.2 for different repetition rates. TEM images
obtained at each repetition rate are shown in Figure 4.8.

In Figure 4.9, bimodal particle size distributions were obtained at 4.2 MHz and 6.3 MHz (at high
laser fluence), while unimodal distributions were obtained at other repetition rates (at low laser
fluence). As discussed in section 4.2.2, the reason for the formation of bimodal distribution could
be the influence of ionized species during vapour condensation. The average particle size

obtained at each repetition rate for constant fluence ratio of 3.2 is shown in the Figure 4.10.
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Figure 4.9: Agglomerated particle size distributions obtained at (a) 4.2, (b) 6.3, (c) 8.4, (d) 12.6, (e) 25.2 MHz
during the laser ablation of aluminosilicate ceramic at constant fluence ratio of 3.2
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When the repetition rate was increased from 4.2 MHz to 8.4 MHz, a decrease in the average
particle size was obtained as shown in Figure 4.10. The laser fluence decreased, when the
repetition rate was increased from 4.2 MHz to 8.4 MHz. Even though heat accumulation
increased during this change in repetition rate, decrease in the laser fluence played a critical role
in determining the average particle size in that range. When the repetition rate was increased
beyond 8.4 MHz, the average particle size also increased. This change in average particle size
shows that the heat accumulation could have played a major role than the laser fluence beyond

8.4 MHz.
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Figure 4.10: Average sizes of agglomerated particles obtained in the 3-D nanostructure obtained at constant
fluence ratio of 3.2

In Figure 4.11, at constant fluence ratio, the change in laser fluence was negligible at repetition
rate beyond 8.4 MHz. This further shows that the decrease in influence of laser fluence beyond
8.4 MHz at constant laser fluence ratio. The increase in repetition rate led to a decrease in
cooling time between each pulse. Hence, the total pulse interaction time of both plume and target

material at a given dwell time increased. Also, the applied laser power was increased with
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repetition rate leading to an increase in the laser fluence. These effects resulted in an increase in
plume temperature, which decreased the amount of super saturation and the nucleation rate and

at the same time increased the size of formed particles.

4.3 Particle size distribution modal transition

A comparison between the effects of laser fluence on the distribution modals is shown in
Figure 4.11. Bimodal distributions were obtained above the modal transition laser fluence
(1.25 J/cm?), while unimodal distributions were obtained below modal transition laser fluence,
which coincides with the ionization threshold of a compound in aluminosilicate ceramic (Al,O3-
Si0,). These studies show that the distribution modals depend only on the laser fluence. Further,
the amount of ionized species formed during laser ablation for a particular material solely
depends on the laser fluence applied. This study also shows the possible influence of ionized

species in the formation of bimodal distribution.
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Figure 4.11: Effect of laser fluence on the distribution modals at the constant power of 10.5W and at the
constant fluence ratio of 3.2
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Studies performed above have also shown that the average size of agglomerated particles was
influenced by the competing effects between laser fluence and heat accumulation for varying
repetition rate in megahertz. At constant repetition rate, average particle size decreased with a
decrease in laser fluence [54]. But in Figure 4.10, study in constant laser fluence ratio showed
that the average particle size increased with increase in repetition rate (decrease in fluence)
beyond 8.4 MHz. This study shows that both fluence and the repetition rate (in Mega-Hertz)

have influence in determining the average sizes of particles obtained.

4.4 Summary

This chapter analyzed the effects of laser parameters (repetition rate and laser fluence) on the
particle size of the 3-D nanostructures. A mechanism was proposed to predict the variation trend
of nanoparticle size with laser parameters. Laser parameters affect plume temperature, pressure,
and amount of supersaturation. The supersaturation then influences nucleation and growth rates
of vapor-condensed nanoparticles, and thus the size of the formed nanoparticles. The suggested
mechanism is not necessarily restricted for a particular material. Rather, it can be applied to

femtosecond laser ablative synthesis of nanoparticles from any solid.

This analysis provides guidelines for the production of 3-D nanostructures with desired particle
size. In general, low fluence and high repetition rates are required to achieve smaller particle
size. However, the distribution of particle size increases at higher repetition rate. The selection of

laser parameters is a trade-off between small particle size and wide particle size distribution.
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An analysis was performed on the particle size distribution modals and the average particles
sizes at varying megahertz repetition rates. The results showed that the particle size distributions
transferred from bimodal to unimodal with the increase of repetition rate. There is a threshold
laser fluence at which the particle size distribution modal transits from unimodal to bimodal. To

the best of the author’s knowledge, this is the first time such a threshold is reported.
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Chapter 5 RiIng size of particle-
agglomerated 3-D nanostructures

Interconnected ring structures are characteristics of the particle-agglomerated 3-D nanoclusters
produced by femtosecond laser ablation of solid targets. Particle agglomerated 3-D
nanostructures were fabricated with different laser parameters, background gas, and materials.
This study attempts to reveal the relations between these conditions and the ring diameter and to

shed light on the formation mechanism of the ring structure.

5.1 Ring morphology

Figure 5.1: SEM images obtained by 1030 nm central wavelength femtosecond laser
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The structures showed an irregular ring pattern with the overlapping of ring nanoclusters as
shown in SEM images of Figure 5.1. The ring diameter (d) of the formed nanoclusters was
measured using SEM images as shown in Figure 5.1. The ring diameter of a nanocluster is
defined by the diameter of the smallest circle that completely inscribes the ring nanocluster. The
maximum error (e”) (shown in Figure 5.1) in the ring diameter, i.e. in the size of the nanocluster,
during our experiments was found to be + 100 nm. The measured maximum error range was
confirmed by the average nanocluster size obtained in section 6.3.3.2. The error in ring size
refers to the possible mistakes occurred during the measuring process. Over 300 ring diameters

from more than five SEM images were measured to produce each ring size distribution.

5.2 Ring formation mechanism

To explain the effect of laser parameters and the ablated materials on the formed ring
nanoclusters, a structure formation mechanism is proposed. The dynamics of the species inside
the plume and their interaction with an incoming laser pulse are taken as the key factors to
propose a mechanism for the generation of the ring nanoclusters. The particle dynamics inside
the plume during their agglomeration are essential to understand the structure formation
mechanism for the zero-dimensional, nanoparticle agglomerated ring nanoclusters. Previous
studies showed that the fabricated nanostructures were made out of vapour-condensed
nanoparticles [47]. The ring nanocluster is made out of the agglomerated nanoparticles and the
ring morphology could reflect the dynamics of the plasma species (particles, ions, atoms, or

molecules) in the plume during their course of the agglomeration.
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Plasma is an attractive medium for particle acceleration, which could support gigavolts of
electric field per meter [91]. The possible mechanisms that could produce the excited particle
acceleration inside the plasma are the relativistic plasma waves and the space-charge oscillations
by the laser pulse-plasma interaction [91]. The presence of ponderomotive force, electrostatic
Coloumb force, laser wake fields, and the laser plume dynamics could affect the motion of the

plasma species [92-95].

A ring nanocluster formation mechanism is proposed based on the previous experimental and
simulation studies performed on the laser pulse and the plasma species interaction [92], [93],
[96]. The interaction of an intense laser pulse with an evolving plasma plume can give rise to a
wide range of new phenomena, such as the generation of energetic electrons, ions, and
acceleration of neutral atoms [91], [92], [95]. A detailed study on the directional movement of

the accelerated species inside the plume is used to explain the ring nanocluster formation.

The interaction of a pulsed laser with the plume temporarily produces a quasi-free oscillatory
quiver motion on an ion bound electron by the Coulomb force [92]. At a lower intensity, the
atomic electrons oscillate with the same frequency of the laser light. With an increasing intensity,
the species become ionized and the plasma electrons quiver with velocities close to the speed of
light (c). This increases the relativistic electron mass, and the (VxB) force in equation 5.1

becomes significant [96].

When the strong laser pulses interact with the free electrons in the plasma, the electrons

experience the Lorentz force (Fy), which is given in equation 5.1[96].
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F.=e{E+ (VxB)} (5.1)

where, e is the charge on the electron, V is the velocity of the electron, and E and B are the

electric and magnetic fields in a plane of a Gaussian pulse as shown in Figure 5.2 (a). The

electron oscillates along the direction of the electric field (E) with the velocity (V), as shown in

Figure 5.2 (b). The V produced by E is given by equation 5.2 [96].

V=e—0— (5.2)

mw cos(wt)

where, m is the electron mass and w is the laser angular velocity. Under the action of a magnetic
field, the electrons are accelerated in the direction of laser propagation, which is given by
(V X B) in equation 5.1. The effect of these two forces is given by equation 5.1. The movement

of the free electrons under these combined effects is shown in Figure 5.2 (c) [96].

To study the ring nanocluster formation, forces acting on the free electrons by the three
dimensional Gaussian pulse should be known. Integration of the plane forces in equation 5.1 (in
Figure 5.2 (c)) on a spatially confined Gaussian pulse field results in the formation of the
ponderomotive force on the electrons, which is shown in Figure 5.2 (d) [96]. The ponderomotive
force (F) can be given by equation (5.3) [97].

e? VE?

F=-ry (5.3)
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where, VE is the gradient of local instantaneous electric field. According to equation (5.3),
ponderomotive is directly proportional to square of VE and inversely proportional to square of
w. Ponderomotive force is a charge dependent force, which strongly influence the force on

ionized species [97].

The frequency of the laser light f can be given by equation (5.4).

-
Il
o

(5.4)

where ¢ , f,and Aare the speed, frequency, and wavelength of the light respectively. The

angular velocity and the frequency of the laser can be given by equation (5.5).
w = 2nf (5.5)
From equations (5.4) and (5.5),

_21‘[C (5.6)
W= 3 )

For a propagating laser plane wave or a Gaussian beam, the local intensity I is related to the

amplitude electric field, which is given by equation (5.7).

ceyn |E|?

> (5.7)
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where, n is the refraction index, and € is the permeability in vacuum. In equation (5.3), the

ponderomotive force F is directly proportional square of VE. From equation (5.7), an expression

can be obtained for laser intensity gradient (VI) and electric field gradient VE.

VI x VE? (5.8)

From equations (5.3) and (5.6) and expression (5.8), an expression is obtained to show the

relationship between ponderomotive force with laser wavelength and intensity [96].
F « —VI.A? (5.9)

Expression (5.9) shows the ponderomotive force is proportional to the negative gradient of the
laser intensity and the square of the wavelength. Studies showed the force on the ionized species
is strongly influenced by the ponderomotive force [97]. Expression 5.10 is used to find the

direction of ponderomotive force [98] in the plume.

ct>dy (5.10)

where, T is the pulse duration. If expression (5.10) is satisfied, the radial component of the
ponderomotive force dominates and accelerates the ions and electrons radially. During the

experimental studies, the minimum pulse duration (T) was 200 fs.
cT = 299,792,458 (ms™1) x 200 x 10~1>(s) = 60um

From above calculation the value of ¢ T is greater than the laser spot size 10.5 um. Hence, the

radial component of the ponderomotive force dominates during experiment and accelerates

electrons and ions radially.
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Figure 5.2: (a) Electric and magnetic fields on a plane surface of Gaussian pulse, (b) Electron movement by
electric field (c) Electron movement by electric and magnetic fields on a plane surface (d) Ponderomotive
force on free electrons by a Gaussian laser pulse

Figure 5.3 (a) shows the interaction of the consequent laser pulse with a formed plume. The laser
intensity distribution on section A of the laser pulse marked in Figure 5.3 (a) is shown in
Figure 5.3 (b). It shows the irreversible motion of the free electrons along the radial direction of
the Gaussian laser profile from the optical axis by the ponderomotive force [96]. The
ponderomotive force on the free electrons leads to accelerate the atoms, ionic species, and the
neutral species as shown in Figure 5.3 (b) [92], [93]. Movement of neutral species becomes
possible by their dynamic polarization, survival of excited states for a long time, and the quasi-

free behaviour of excited electrons in a strong inhomogeneous laser field [92].
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profile from high to low laser intensity due to

ponderomotive force, which leads to accelerats
ionized and neutral species (O). On their path
particles (Q)are formed and agglomerated to
form nanoclusters

/\‘ section A / \ (Laser intensity distribution) / \

-

Ponderomotive
force on electrons

Electron induced
accelerating force
on plasma species,

agglomerated

formed particle
ring structures

(a) (b)

Figure 5.3: (a) Interaction of laser pulse with plume, (b) Ponderomotive force on electrons and induced
accelerating force on atoms, ionic species, and neutral species on the cross section “A” (c¢) Formed and
agglomerated nanoparticles on ring nanoclusters

There were two explanations given in two different studies for the acceleration of charged
species. Firstly, motion of free electrons under the influence of ponderomotive force generates a
radial current, which produces a strong magnetic field when the laser modulation frequency is
close to plasma frequency. This self-generated magnetic field has an effect on the excitation of
plasma waves and leads to the acceleration of charged particles [93]. Another study elaborates
that the electrostatic effect between ions and electrons move the ionic species [99]. Also, the
intensity-dependent force is similar to the ponderomotive force, which is proportional to the
force acting on the charged species [92]. The movement of vapour species by excited plasma
waves or by electrostatic effect and their agglomeration in a ring shape could be the most

convincing reason for the formation of the ring nanoclusters as shown in Figure 5.3 (c). Along
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their path of motion, vapour species might be condensed to form nanoparticles before their

agglomeration.

The laser plasma instability due to the presence of several mechanisms is the main existing
problem in analyzing the ring structure formation. Irregular ring shapes in Figure 5.1 confirm the
influence of several mechanisms. The reasons for the irregular ring morphology could be
distorted intensity pulse profile due to plasma shielding, ambient air flow dynamics, ionization of
atmospheric air, non-uniform plasma density [93], and the location where particles are formed
and agglomerated. A detailed study is performed to identify the effect of the ablated materials

and the laser parameters on generated ring structures.

5.3 Experimental study on ring size

Several sets of femtosecond laser ablations were performed on different materials, such as
glasses, ceramics, semiconductors, and metals, with different wavelengths, pulse energies,
repetition rates, and pulse durations. Two ablation strategies were used during the wavelength
study: single pulse ablation and double-wavelength double-pulse ablation. During the
experiments the wavelength was kept at 1030 nm for single pulses and at 1030 and 515 nm for

double pulses.
5.3.1 Effect of material properties on the ring size

Several studies performed on different materials showed that the ring size depends on the
material properties. SEM images of 3-D nanostructures obtained on several different materials,
such as metals, ceramics, and semiconductors, at constant laser operating conditions are shown

in Figure 5.4. A ring size survey was performed on SEM images of different materials.
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Figure 5.4: SEM images obtained for single pulses with 1030 nm central wavelength on (a) aluminosilicate
ceramic, (b) aluminum, (c) glass, (d) titanium, (e) slide glass, (f) zinc ingot, (g) graphite, (h) silicon, (i) nickel
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Figure 5.5: Ring size with materials (a) graphite (b) nickel (c) aluminosilicate ceramic (d) zinc ingot () gold
(f) titanium, obtained at 11.0 W and 12.6 MHz with 1030 nm femtosecond laser

The ring size distributions obtained for different materials are shown in Figure 5.5 and
Figure 5.7 (a). Large ring sizes were obtained on metals with a peak close to 1.5 um. Ring size
distributions for aluminosilicate ceramic, graphite, and silicon have a peak close to 1 um. The
ring size distributions obtained could be related to the ionization energy of species and the

molecular weight of them.
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Studies showed energy of the ions in the laser induced plasma increases with the charge. The
electrons accelerate the ions by electrostatic interaction. The mean ion energy (Ei) transferred

by electrons is given by the expression 5.11 [100].

Ei ~ (Z+ DkgT (5.11)

where, Z is charge multiplicity, T is the initial temperature of the plasma, and kg is the
Boltzmann’s constant. Expression 5.11 shows that the energy of ions transferred by electrons is
proportional to Z. The charge multiplicity increases with the amount of charge presence in the
plasma. A decrease in ionization energy of species increases the amount of charges in the plume,
which increases mean ion energy (Ei)in expression 5.11. An increase in ion energy (Ei)

increases the travel distance of ions in plume and increases the ring size. Above explanation
shows the effect of ionization energy on the size of the ring obtained.

On Table 5.1, for metals, the average ring sizes show a close relationship with ionization
energies of them. Other than ionization energy, the types of bonding in materials could affect the
ring size. In Table 5.1, the average ring sizes for silicon and graphite show a different values
from other materials. Silicon and graphite forms covalent bonds, whereas all other materials
were metals and forms ionic bonds. Previous studies showed that the density of the material is
inversely proportional to the accelerated ion energy by the ponderomotive force [101]. In that
study, the ponderomotive effect accelerated the species along laser direction. However, the
densities of the species most probably have a same effect on the radially accelerated species. As
the studies were performed in nanoscale, atomic weight or molecular weight could be a better

property to relate the accelerated ion energy rather than the density.
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Table 5.1: Materials used in experiments and their density, atomic weight, 1st ionization energy, and average ring

obtained

. . 3 L 1% lonization Average ring

Materials | Density (gcm™) | Atomic weight energy / (kimol™) size / (um)
Gold 19.30 196 890 1.76
Aluminum 2.70 26 580 1.94
Graphite 2.26 12 1090 1.17
Nickel 8.90 58 740 1.52
Silicon 2.33 28 790 1.08
Titanium 4.50 47 660 1.47
Zinc ingot 7.14 65 906 1.46

Decreasing molecular weight also increases the ring size. If titanium and aluminium are
compared from Table 5.1, both have close ionization energies, however a noticeable variation in
average ring sizes was observed among them due to varying atomic or molecular weight. A
material with lower molecular weight could travel faster as well as stay longer inside the plume.
This increases the chances of multi-interaction with consequent laser pulses, which increases the
ring size. However, the ring sizes in Table 5.1 do not show perfectly the effect of ionization
energy or atomic weight for all the materials. There are several possible reasons exist: The laser
ablation process is highly dynamic and not necessarily produce an even distribution of mass
inside the plume and the evaporated species change into their oxides as soon as interacting with
atmosphere, hence not reasonable to compare the ring size with their initial atomic or molecular

weights only.
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5.3.2 Effect of wavelength on the ring size

A study was performed with silicon to verify the influence of wavelength on ring sizes. SEM
images obtained on single wavelength (1030 nm) and on double wavelength (515 nm and
1030 nm) are shown in Figure 5.6. Over 2000 ring sizes from over 60 SEM images were studied

to plot the ring size distributions shown in Figure 5.7.

Figure 5.6: (a) 1030 nm wavelength (b) double wavelength 515 nm and 1030 nm

For single pulse with single wavelength, the peak number of rings was close to 1 pm
(Figure 5.7 (a)) and for the double pulse double wavelength, a peak close to 0.525 pum (marked
as ‘P’) and a possible distorted peak close to 1 pum (marked as ‘D.P’) were obtained

(Figure 5.7 (b)).
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Figure 5.7: Ring size distributions with central wavelength at (a) 1030 nm and (b) 515 nm and 1030 nm

In double wavelength-double pulse, the 515 and 1030 nm pulses have a time lag of 1 picosecond
and the 515 nm pulse precedes the 1030 nm. Studies have shown that the normal plume
existence time is very much higher than 1 picosecond [102], [103]. Thus, when the second pulse
was in action, the high strength evolving plume could have distorted the intensity profile of the
incoming 1030 nm second pulse due to strong plasma shielding. This is a possible reason for the
distorted peak in Figure 5.7 (b) close to 1 um. This is a convincing evidence for the effect of
laser profile and the related ponderomotive force in the formation of ring nanoclusters. Previous
studies also showed that the electron acceleration caused by the ponderomotive force in an
inhomogeneous field of a focused laser beam may be considerably refined by sophisticated
spectral and temporal shaping of the accelerating laser beam [92].

A plasma-particle study has shown that the relativistic plasma particles or species generally
travel behind the laser field only for a certain length in a certain phase of electromagnetic field.
The maximum travel distance a particle could travel with respect to the laser field was given as
half of the laser wavelength (A/2) [104]. The peak ring sizes obtained for silicon in Figure 5.7
have shown a close relationship with the particle travel distance given in the above

plasma-particle study. The ring diameter for peak in ring size distributions was close to the laser
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wavelength. This could be obtained by the symmetrical traveling of species along the radial
direction under the influence of ponderomotive force. Though presence of more than one
wavelength in a Gaussian profile could have an effect on the obtained ring sizes, the dispersion
in pulse wavelength is negligible when compared with obtained dispersion in ring sizes in
Figure 5.7. The most convincing explanation for the variation in ring size is the distribution of
ablated species inside the plume before the interaction of subsequent laser pulses. Possibly, the
concentration of species is high along the core of the laser plume, which could be reflected by
the maximum number of rings equivalent to laser wavelength in this study.

Further, the results in Figure 5.7 satisfy the obtained expression 5.9. i.e. the ponderomotive force
increases with the increase in laser wavelength. The increased in ponderomotive force leads to

increased acceleration of ionized species and results in an increased ring size.

5.3.3 Effect of pulse duration on the ring size
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Figure 5.8: Ring size distribution obtained from SEM images of silicon at (a) 300 fs, (b) 1000 fs, (c) 5000 fs for
12.6 MHz
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Figure 5.9: Ring size distribution obtained from SEM images of titanium at (a) 214 fs, (b) 714 fs, (c) 3571 fs
for 12.6 MHz
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From expression 5.9, the laser intensity gradient is related to the ponderomotive force on an
electron, which is proportional to the force on plume species [92]. An increase in the pulse
duration decreases the laser intensity. A decreases in laser intensity decreases the intensity
gradient, which decreases the ponderomotive force. This results in the decrease in ion velocity
and the formed ring size [97].

A laser-plasma interaction study showed the rate of energy deposits on a one dimensional plasma

(W) can be given by equation 5.12 [100].

X

W=1A j K, e KvX dx (5.12)
0

Where, A'is the cross sectional area of the plasma, and K, is the absorption coefficient. This

shows the energy deposits on the plasma increases with an increase in the laser intensity. This
increase in the energy deposit increases the charges in the plasma and also increases the forces
on them. Ultimately the size of the formed ring increases with laser intensity.

Silicon shows an obvious drop in the ring size with an increase in the pulse duration (Figure 5.8).
An increase in pulse duration decreases the laser intensity as well as its gradient. According to
expression 5.9 and equation 5.12 the ring size decreases. Though titanium does not show an
apparent drop in the ring size, it could be observed that there is a drop in the peak number of
rings with an increase in the pulse duration (Figure 5.9). Again, ionization energy could be
playing a key role in minimizing the effect of pulse duration. Table 5.1 shows that the first
ionization energies for silicon and titanium are 790 kJ/ mol and 660 kJ/ mol. A minimum

threshold of increasing pulse duration may be needed to reach the ionization energy of titanium,
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to produce a change in ring size. The change in ring size with pulse duration is again material

dependent.

5.3.4 Effect of repetition rate on the ring size at constant power and

the pulse energy
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Figure 5.10: Ring size distribution obtained from SEM images of aluminosilicate ceramic for (a) 8.4 MHz
(b) 12.6 MHz (c) 25.6 MHz at the constant power of 10.5 W
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Figure 5.11: Ring size distribution obtained from SEM images of silicon for two different pulse energies
where pulse energy at (a) < pulse energy at (b)

Negligible variation in ring size was observed in Figure 5.10 and 5.11. At constant power, an
increase in repetition rate decreases the pulse energy and the laser intensity. From expression 5.9

and equation 5.12, the ponderomotive force on electron charges and the energy deposits on the
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plasma decreases with the decrease in intensity. However, a noticeable variation in ring size was
not observed in Figure 5.10 and 5.11. This could be due to that the variation in intensity was

above the ionization threshold of the ceramic.

5.3.5 Effect of background gas on the ring size
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Figure 5.12: Ring size distributions obtained from SEM images of aluminum (a) without background argon
gas (b) with background argon gas

A comparison study performed on aluminum with and without background gas in ambient
conditions are shown in Figure 5.12. An average ring size of 1.604 pum was obtained with the
presence of an additional background gas, whereas it was 1.934 um without an additional
background gas. Presence of background gas produced a drop in the formed ring size. This could

be explained using a previous study performed on plasma plume, which had shown that the
initial volume of the plasma (Vp) can be expressed by equation 5.13 [100].

Vp=v,TA (5.13)
Where, v is the initial species velocity, T is the laser pulse width, and A is the spot area at the
target surface. The presence of the background gas can increase the compression pressure on the

plume and plasma, which decreases initial wvolume (Vp) of the plasma
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[105]. For the experiments performed, pulse width (T) and spot size remained at constant.

From equation 5.13, a decrease in Vp proportionally decreases the v, i.e. the velocity of the

species, which decreases the size of the formed ring nanoclusters. Other possible reasons for the

decrease in ring size in Figure 5.12 could be the cooling effect of background gas.

5.4 Summary

The ring size is nearly equal to wavelength of the irradiation laser beam and is independent to
other laser parameters. This indicates that the laser-induced ponderomotive force on free
electrons could have played a predominant role in the formation of ring structures. A detailed
analysis suggests that ring size is related to the ionization energies of the ablated material and
their molecular weights. Materials of heavier atoms tend to produce smaller rings. Background
gas reduces ring size as well. This study provides useful guideline in tailoring the morphology of

the particle-agglomerated 3-D nanostructures.
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Chapter 6 Study of photon absorption by

particle agglomerated 3-D nanostructures

This chapter investigates the size, morphology, and material properties of the particle
agglomerated 3-D nanostructures and their influence on photon absorption. The nanostructures
fabricated by three different polarized lasers (linear, circular, and elliptical) were used for this

analytical study.
6.1 Experimental studies on particle size of 3-D

nanostructures

A better understanding of properties of nanostructures and how they affect the photon absorption
are the key factors to be considered in selecting nanomaterials for solar cells. Experiments were

performed with three different polarized lasers: linear, circular, and elliptical. The laser
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parameters such as power, repetition rate and dwell time, were held constant for all three
polarized lasers. SEM, TEM, and XRD analyses were performed to identify the variation in
morphology, particle size, and material property of the formed nanostructures, respectively. Two
different spectrometers were used in analyzing the photon absorption of fabricated
nanostructures. The obtained spectrums were analyzed in relation to the size, morphology, and

material properties of structures.

6.2 Photon absorption studies on ablated region

The photon absorption study was performed using two different spectrometers. Working
spectrum of this spectrometer is limited to visible range. Further it only detects reflected light
with limited intensity {refer Figure 6.1 (a)}. However, spectrometer with UV to IR detects

spectrums from UV to IR and spectrums with very high intensity.
6.2.1 Study of optical absorption by visible- spectrum spectrometer

An experimental study was performed with an Ocean Optics spectrometer to identify the photon
absorption of visible light on 3-D nanostructures fabricated by different polarized ultrafast lasers

and on a pure silicon wafer. This study was performed in the reflection mode of spectrometer.
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Figure 6.1: Spectrums of reflected light on (a) pure silicon wafer and (b) nanostructures fabricated by
different polarized lasers

Figure 6.1 shows the spectrums of the reflected light. Figure 6.1 (a) shows the reflected spectrum
obtained on a pure silicon wafer for visible light rays. The intensity of reflected rays was very
high in betweem 550 nm and 680 nm, which led to saturate the spectrum. In Figure 6.1 (b),
similar spectrums were obtained for structures fabricated by linear and elliptical polarized lasers,
where as the intensity of spectrum obtained on structure by circular was slightly higher. These
results show the variation in absorption of visible light by structures fabricated by different

polarized lasers and the reflection obtained on an unablated silicon wafer.
6.2.2 Study of optical absorption by UV-IR spectrometer

A UV-IR spectrometer was used to study the absorption and reflection spectrums of ultra violet
(UV), infra-red (IR), and visible light rays on the fabricated nanostructures. Three sets of lamps
were used during the experiments: deuterium for UV range, halogen for visible and IR range,
and combined Deuterium — Halogen for the full range from 200 nm to 1100 nm. The results
obtained are shown in Figures 6.2 - 6.3. The spectrums in Figure 6.2 show a large drop in the
amount of reflected light rays on the ablated region when compared with the spectrums obtained

on an un-ablated silicon surface. Especially in UV range (Figures 6.2 (a) and 6.2 (c) from 250
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nm to 275 nm), a maximum of ten times saving in reflected light rays was recorded on ablated

region with nanostructures when compared with un-ablated silicon surface.
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Figure 6.2: The reflected spectrums obtained on 3-D nanostructures for (a) deuterium light rays (b) halogen
light rays (c) deuterium- halogen combined light rays, where c - circular polarization, e - elliptical
polarization, | - linear polarization, and S - unablated silicon wafer
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Figure 6.3: The absorption spectrums obtained on 3-D nanostructures for (a) deuterium light rays (b)
halogen light rays (c) deuterium- halogen combined light rays

Figure 6.3 shows the comparisons of absorption spectrums obtained on structures fabricated by
circular, linear, and elliptical polarized lasers with unablated silicon wafer for UV, IR, and
visible spectrums. The ablated region with nanostructures showed highest amount of absorption
for UV rays when compared with IR or visible rays. Structures by elliptical and linear polarized
lasers reflected less light when compared with circular in the visible spectrum (Figure 6.2). This
is further confirmed by the absorption results in Figures 6.3. The same type of results were

obtained among nanostructures in IR spectrum (Figures 6.2 (b) - 6.2 (¢) and Figures 6.3 (b) -
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6.3 (c)), but such a variation was not observed in UV spectrum (Figures 6.2 (a) and

Figures 6.3 (a)).

6.3 Structure properties and photon absorption

The influence of size, morphology, and the material phases of fabricated particle agglomerated

3-D nanostructure is analyzed below.

6.3.1 Ring size

The 3-D nanostructures fabricated by different polarized lasers have the ring morphology. The
size of rings in nanostructures is expected to influence the photon absorption due to light
trapping. The reflected light contains specular and diffuse rays as shown in Figure 6.4 (a) [14].
As shown in Figures 6.4 (a) - 6.4 (c), light rays can be scattered in several directions during their
interaction with the rings. This is called diffused reflection. Specular reflection shows the main
reflected light path through the ring size, whereas diffuse reflection also occurs at each incident

angle of light.

Incident
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Figure 6.4: Reflected light rays on (a) surface (b) small ring (c) large ring
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Decrease in ring size could also increase the surface density of the nanostructure. Therefore,
chances of multi interaction of reflected light rays on the remaining portion of the same ring are
increased with the decrease in the ring size, which is illustrated in Figures 6.4 (b) - 6.4 (c) (at the
interaction point 2). The increased multi interaction increases the number of interaction of light
rays further, which results in an enhanced light trapping inside the ring. A survey was carried out
on the ring sizes of nanostructures obtained by different polarization to verify the effects of laser

polarization on the distribution of ring size. The results are plotted in Figure 6.5.
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Figure 6.5: For different polarized laser (a) ring size distribution (b) average ring size

For each polarization, more than 1000 ring sizes were manually measured from a minimum of 10
SEM images and the distributions in Figure 6.5 (a) were plotted. For different polarization SEM
images showed a maximum error (e) range of + 100nm in ring size, which was greater than the
variation in average ring size in Figure 6.5 (b). This shows that the variation in average ring size

falls in the error range. Moreover, a similarity in ring size distributions on Figure 6.5 (a) is

80



feasible among different polarized laser. These results show that polarized laser has less control
over the size of ring in our nanostructures. Hence under our experimental conditions, the ring
size has negligible effect on absorption of photon energy by the nanostructures.

The agglomerated particles are randomly oriented. Hence the direction of reflected light is not
limited to the plane of the incident ring. The reflected light also randomly oriented. Therefore

depth of fabricated nanostructures has a reasonable influence in the photon absorption.
6.3.2 Depth of nanostructures

The depth of formed nanostructure could be shown as overlapping of particle agglomerated ring
layers. The number of ring layers could be varied with respect to the conditions of laser ablation

and the material of ablation.

Figure 6.6: Travel of multi reflected light rays along the depth of nanostructure (a) schematic diagram of
rings (b) Vertical cross section of rings on plan X-X
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Figures 6.6 (a) and 6.6 (b) show a schematic diagram of 3-D nanostructures and a vertical cross
section obtained on the X-X plane (shows the cross sectioned particles on opposite diametrical
edges of the rings on three different layers) respectively to illustrate the path of light rays along
the layers towards the depth of the structure. An incident light ray that travels through the 3-D
nanostructure involves multiple reflections as shown in Figure 6.6 (b), which enhance the light
trapping and the portion of the light rays could be absorbed during each interaction on the

particle of the structure.

Figure 6.7: SEM images obtained on cross sections of 3-D nanostructures fabricated by different polarized
lasers (@) circular, (b) zoomed image on X, (c) elliptical, (d) zoomed image on Y, (e) linear, (f) zoomed image
onZ

The increase in the depth of nanostructure or the number of layers in the structure increases the

number of reflections or photon trapping as well as the amount of photon absorption. A set of
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experiments was performed by different polarization with same repetition rate (25.2MHz), power
(11.2W at the target surface), dwell time (0.1ms), and laser scanning map. The cross sections of
the fabricated nanostructures were studied under SEM to identify their depth, which are shown in
Figures 6.7 (a) - 6.7 (f). The procedure involved in the preparation of cross sections was
discussed in section 3.3.3.1.

Figure 6.7 shows that the elliptical and linear polarized lasers have produced a large depth of
nanostructures when compared with circular polarized laser. A similarity could be noticeable
between the depth of nanostructures in Figure 6.7 and the photon absorption results shown in
Figures 6.2 - 6. 3. This shows that the photon absorption could be increased with the increase in

the depth of nanostructures [106].

6.3.3 Size of the nanostructure

The photon absorption of nanostructure could be affected by both size of agglomerated particles
and the size of the nanocluster. The methods followed to measure these sizes were discussed in
section 3.3.2. Size of the nanocluster (string diameter) is determined by the size of the
agglomerated particles and the number of particles agglomerated. The following sections show
two techniques followed to study the size distributions of both agglomerated nanoparticles and

the nanocluster string.

6.3.3.1 Agglomerated particle size
The 3-D nanostructure is made out of agglomerated nanoparticles, which increases the surface
area as well as the surface roughness in nanoscale. This nanoscale morphology could also

enhance the photon trapping. A particle size study was performed on the TEM images of 3-D
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nanostructures obtained by different polarization. The method followed to measure particle size

was given in section 3.3.2.2. The results are shown in Figure 6.8.
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Figure 6.8: Particle size characterization studies on nanostructures fabricated by different polarized ultrafast
lasers (a) Particle size distribution (b) Average particle size

Size of particles controls the absorption of photons. The effect of light absorption with particle
size and the variation in intensity of light passing through the particle can be given by
equation 6.1 [107].
[ = loe *k (6.1)

Where, Io is the incident light intensity, It is the transmitted light intensity, L is the thickness
traversed by the light, and « is the absorption coefficient. From equation 6.1, increase in L
decrease the intensity of the transmitted light (It), i.e. absorption increases with the increase in
particle size. Hence in accordance to the distribution and average of particle size in
Figures 6.8 (a) - 6.8 (b), nanostructures of elliptical and linear absorb more photons than the

structures of circular. These results agree with those in Figure 6.2 — 6.3.
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Studies showed that the aspect ratio of nanostructure has a significant control over the light
scattering especially for metal particles. For an example, the increase in the ratio of cross section
to the length of a nanorod has shown a significant increase in the amount of scattered light [108].
Another study shows that the slightly elongated spherical particles produce huge variation in the
scattered light, which increases and reaches a maximum and decreases eventually [109]. Though
our structure is mostly from semiconductor oxides, the agglomeration of particles elongates the
spherical particles along those radiuses. This should probably affect the scattering potential of
the structure. Further agglomeration of smaller particles scatters better than one large particle due
to increased surface area [110]. Figure 6.8 (b) shows that the average particle size was in
between 15 nm — 33 nm. The agglomeration of these particles could possibly increase the

scattering and photon absorption of the fabricated nanostructures.

6.3.3.2 Size of nanocluster

The size of the particle agglomerated structure was studied with nanoparticle tracking analysis.
The 3-D nanostructures fabricated by linear polarized femtosecond laser were taken for the
study. The structure was separated into water by an ultrasonic vibrator. The particle size
concentration in the water was measured in three consequent time intervals, which are shown in
Figures 6.9 (a) - 6.9 (c). It could be observed from the distributions, a drop in peak number of
concentration was observed from Figure 6.9 (a) to 6.9 (b), whereas the concentration of larger
particles increased slightly. This shows the continuous recombination of particles with time.
Figure 6.9 (d) shows the average of particle size concentration and their standard deviation is

shown in Figure 6.9 (e).
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Figures 6.10 (a) - 6.10 (b) show the real time movement of particles in water and their size
intensity distribution curve. The absorptance spectrums in Figure 6.2 (¢) and 6.3 (c) show the

possible influence of the size of particle agglomerated nanostructure in photon absorption.
6.3.4 Other morphologies

Other than the thickness of nanostructure, disoriented silicon structure obtained just below the
3-D nanostructures, marked as “DS” in Figure 6.11 (a), also could affect the amount of photon
absorption. The disoriented structure could be formed due to thermal induced stresses,

electrostatic stresses, or thermal diffusion occurred during laser ablation.

Figure 6.11: SEM images obtained on cross sections of nanostructures (a) enclosed region D shows the
disoriented structure along cross section (b) Angled view of top wavy surface on nanostructure

The size of this disoriented structure could be influenced by the laser operating conditions, laser
scanning map, and electro-thermal properties of the ablated materials [111]. The produced
disoriented structure decreases the crystallinity of the silicon wafer in long range and increases
its amorphous state, which could increase the photon absorption [111]. The wavy top surface
obtained on the 3-D nanostructures, shown in Figure 6.11 (b), also increases the photon trapping,

which is illustrated in Figure 6.12.
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Figure 6.12: Wavy top surface of nanostructures

The incident rays reflect and interact on the very next wavy feature of the top surface. This could
be considered as light trapping due to micromorphology of the structure. In this context, the top
wavy surface of the structure functions as the front texture for light trapping [112]. The
overlapping distance of the wavy feature could be varied by varying the laser power, dwell time

or speed of ablation, and the laser scanning map.

6.3.5 Material Phases

6.3.5.1 XRD Analysis

X- ray diffraction analysis (XRD) was performed on the nanostructures fabricated by different
polarization. The results obtained are shown in Figures 6.13 (a) - 6.13 (c). Four main peaks were
obtained for crystalline silicon i.e. B - Si 111, C- Si 200, D - Si 220, and E - Si 311. Frames
collected from samples showed that the B and C were defect peaks from the substrate
(Figure 6.14). A shallow broad peak (A) was obtained in Figure 6.13 at the 260 diffraction angle

of 22° (approximately) could be from amorphous oxides on the ablated area.
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Figure 6.13: X-Ray diffraction analysis on nanostructures fabricated by different polarized lasers (a) circular
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Figure 6.14: A frame collected from sample 1p-pola showing Si-111 peak and Si-200 defect peak coming from
the substrate

The above XRD study shows the presence of identical phases of crystalline silicon on the
fabricated nanostructures by different polarized lasers. Further, it shows the presence of
amorphous phases but the ratio of their presence could not be clearly verified by the XRD
analysis. Further material characterization studies were performed on the fabricated
nanostructures using a scanning electron microscopy coupled with energy dispersive Xx-ray

(SEM-EDX) to analyze the presence of elements.
89



6.3.5.2 SEM-EDX analysis

For the purpose of comparing the element ratios obtained on nanostructures, the SEM-EDX was
performed. Figure 6.15 shows the line scans obtained along the cross sections of fabricated
nanostructures by different polarized lasers. Table 6.1 shows the element ratios in nanostructures

generated by circular, elliptical, and linear polarized lasers.

Figure 6.15: Line scan of SEM-EDX along the cross section of nanostructures by different polarized lasers (a)
circular (b) elliptical (c) linear

Table 6.1: Element ratios obtained from SEM-EDX along the cross section of nanostructures by different
polarized ultrafast lasers (a) circular (b) elliptical (c) linear

Element ratio
Polarization
Silicon Oxygen
Circular polarization | 55.32 44.68
Elliptical polarization | 48.24 51.76
Linear polarization 49.61 50.39

The results in Figure 6.15 and Table 6.1 show that the presence of high ratio of oxides in the
nanostructures when compared with crystalline silicon phases as shown in Figure 6.13. The
oxides were amorphous and not visible in the XRD peaks. Table 6.1 shows that the

nanostructures by elliptical and linear polarized lasers produced high ratio of oxides when
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compared with circular. The SEM-EDX results in the Table 6.1 shows a very close relationship
with the results in the Figure 6.1 - 6.3, i.e. amorphous structure absorbs high amount of photons

when compared with those from crystalline.

All above studies showed the effects of micro and nano morphologies and the variation in
material phases generated by different polarized lasers in light trapping and photon absorption.
However the variation in photon absorption is not limited by one factor. Mostly it could be
combined effects of several factors discussed above or more. With respect to these experimental
results, depth of nanostructures, particle size, and formed material phases could have played key

roles in determining the absorption of light.

6.4 Summary

This study showed the unique micro and nano morphologies of fabricated particle agglomerated
3-D nanostructures in enhancing the photon absorption. Nanostructures were fabricated with
different polarized ultrafast lasers i.e. elliptical, circular, and linear. These nanostructures were
studied under the spectrometer for visible light absorption. Identical distributions of reflected
light with varying intensity were produced along wavelength on the nanostructures. Compared
with other reported nanostructures, the particle agglomerated 3-D nanostructure show a broad
absorption spectrum, from 200 nm 1100nm. Silicon nanomaterials usually demonstrate increased
absorption in the visible spectrum, while Titanium dioxide nanomaterial only capable of harvest
UV light. The broad bandwidth of the particle agglomerated 3-D nanostructure has the potential

of providing higher photovoltaic efficiency.
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Particle size, ring size and other morphology characteristics of the particle agglomerated 3-D
nanostructures, all play a role in determining the light absorptance. Nanostructures by linear and
elliptical polarized lasers showed increase in visible light absorption within the range of 550 nm
- 750 nm than those from circular polarized. The measurement studies performed on images of
nanostructures fabricated with different polarized lasers showed that the particle size and depth
of nanostructure influenced the photon absorption. XRD and SEM-EDX studies performed on
nanostructures showed that the presence of amorphous phase oxides could also influence the
photon absorption. Further the presence of top wavy surface and the amorphous state of material

just below the nanostructures could help to increase the solar absorption through photon

trapping.
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Chapter 7 Summary and Contributions

This thesis reported an in-depth study of the particle-agglomerated 3-D nanostructures generated
by femtosecond laser ablative synthesis. The morphology of the nanostructure is strongly related
to the laser parameter. The particle-agglomerated 3-D nanostructures demonstrated strong
absorption in the spectrum of 200 - 1100 nm, which imply its potential application in
photovoltaic applications. The absorptance is found to be strongly dependent on the dimensions

and morphology of the particle-agglomerated 3-D nanostructures.

Nanostructures attracted tremendous research interest for their potentials in the mass production
of low-cost solar cells. Silicon and titanium are the two most investigated materials for this
purpose. Silicon-based nanostructures show high absorptance in the visible spectrum of sun
light. On the other hand, titanium based nanostructures are investigated for their high
absorptance in the UV range. They can be used as an additional light harvest material to broaden
the absorption spectrum of a solar cell. In contrast, the particle-agglomerated 3-D nanostructures

synthesized by femtosecond laser ablation of solid targets demonstrated strong absorption in the
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spectrum of 200 - 1100 nm. The broad absorption spectrum implies high photovoltaic conversion

efficiency.

Vapor condensation is the main mechanism responsible for the formation of the nanoparticles
agglomerated 3-D nanostructures. The particle size is less than 100 nm and the nanoparticles
assemble into chains and rings that are interconnected and intertwined. An explanation model
was formed to predict the size of agglomerated particles in the 3-D nanostructures, through an
experimental-analytical study. It is found that average size of nanoparticles varies with repetition
rates and fluence ratio. Particle size distribution follows either a unimodal or a bimodal,
dependent on the fluency of the laser irradiation. There is a model transition fluence, at which

the distribution model transits from unimodal to bimodal.

A mechanism was suggested to explain the formation of ring nanocluster based on the laser
pulse-plume interaction and its influence on dynamics of plume species. It was found that the
size of the ring is approximately equal to the wavelength of the incident laser beam. The results
in wavelength studies confirm the presence of ponderomotive force in the ring generation. Ring
size also showed a close relationship with other laser parameters: pulse duration, pulse energy,
and repetition rate. An increase in the pulse duration led to decrease the formed ring size. An
increase in pulse energy led to increase the ring size. All these experiments proved the presence
of a laser intensity dependent force that controls the ring size. Several sets of experiments were
performed on metals, alloys, semiconductors, ceramics, and glasses to verify the influence of
material properties, laser parameters, and the background gas on the ring size. The material
properties, i.e. ionization energy and molecular weight of the ablated material, showed a close
relationship with ring size. An increase in the ionization energy and molecular weight led to

decrease the ring size. The presence of a background gas reduces ring size. The additional

94



cooling and the added atmosphere pressure on the plume species slow down the particle motion,

therefore, a smaller ring size.

Photon absorption characteristics of the nanoparicle-agglomerated 3-D nanostructures were
studied in relation to the particle size and ring sizes. An increase in particle size increases the
photon absorption, whereas a decrease in ring size increases the photon trapping through
increased number of interactions of light with structure. Further, the property of vast particle size
distribution in structure and the agglomerated structure size help to increase the broadband of the

photon absorption.

Many attributes contribute to the enhancement of the light absorption. The nanostructure
contains diverse particle size. The presence of broad range of particle size increases bandwidth
(efficiency across wavelength spectrum) of the absorption. The ring structure is made out of
nanoscale agglomerated particles. The agglomerated particles functions as the self-scattering
agent to the structure. Therefore it is not necessary to use an additional scattering agent to
increase the photon absorption. The agglomeration of particles gives an elongated spherical
morphology to the particles. It enhances the scattering property of the structure and increases the
photon absorption in nanosolar cells. The top surface of the fabricated nanostructure has a wavy
morphology, which increases the interaction of reflected light on the structure and the amount of

photon absorbed.

The 3D nanostructure showed a minimum absorption of 0.75 A.U. in the bandwidth from UV to
IR. To the best of the author’s knowledge, it iS a very competitive absorption rate compared with

the previous nanostructures used in photovoltaic conversion. The 3D nanostructure is easy to
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fabricate. The photon absorption property of the structure can be modified by particle and ring

sizes, which can be altered by adjusting laser parameters.

The main contributions of this research thesis are highlighted as follows:

1. Formed an explanation to predict particle size in 3-D nanostructures

2. ldentified the unimodal to bimodal transition of particle size distributions

3. Proposed a mechanism for the ring nanocluster formation and identified the factors
determine the ring size

4. Proposed and verified properties of 3-D nanostructures influencing the photon

absorption

The possible future works that could be performed from the experimental results obtained in this

research are as follows:

1. Formation of an empirical formula to predict the particle size and ring size with laser
parameters

2. Optimization of structure morphologies to enhance the photon absorption

3. In depth analysis of effect of each structure morphologies, for an example agglomerated

particles, and their effect on photon absorption
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Appendix A

List of Publications (Refereed Journals)

1)

2)

3)

“Effect of mega-hertz repetition rate on the agglomerated particle size of
femtosecond synthesized nanostructures”, Mugunthan Sivayoganathan, Bo Tan,
and Krishnan Venkatakrishnan, Optical Materials Express, Vol. 2, Issue 8, pp. 987-
995 (2012). Doi: 10.1364/0ME.2.000987.

“Synthesis of crystalline and amorphous, particle-agglomerated 3-D nanostructures
of Al and Si oxides by femtosecond laser and the prediction of these particle sizes”,
Mugunthan Sivayoganathan, Bo Tan, and Krishnan Venkatakrishnan, Nanoscale

Research Letters, Vol. 7, Issue 1, (2012). Doi: 10.1186/1556-276X-7-619

“Formation of ring-patterned nanoclusters by laser-plume interaction”, Mugunthan
Sivayoganathan, Bo Tan, and Krishnan Venkatakrishnan, Journal of Nanoparticle

Research Letters, Vol. 15, Issue 1386, (2013). Doi: 10.1007/s11051-012-1386-3.
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Summary of experimental Results

Table A. 1: Experimental results on particle size

Fluence ratio = 3.2, Laser power =10.5 W, repetition rate = 25.2 MHz,
Dwell time = 0.1 ms Dwell time = 0.1 ms Dwell time = 0.1 ms
Repetition Average Repetition Average Fluence Average
rate / particle size / rate / particle size / | ratio particle size /
(MHz) (nm) (MHz) (nm) (nm)
4.2 21.75 2.1 24 1.6 10.62
6.3 19.1 8.4 20.5 2 13.51
8.4 17 12.6 17.1 2.4 17.61
12.6 18.51 25.2 12.52 2.8 18.56
25.2 24,51 - - 3.2 19.35
Table A. 2: Experimental data on ring size
Silicon Titanium
Laser power =
12.6 MHz, 10.5W, 0.1 ms 10.5 W, Dwell 12.6 MHz, 10.5W, 0.1 ms
time=0.1ms
eak
Pulse P?ak . Repetitio F;ing Pulse . .
. ring | wavelength | peakring . . peak ring size /
duration | | ) n rate size | duration
/(fs) s(lze/ / (nm) size / (nm) / (MHz) / / (Fs) (nm)
nm)
(hm)
300 950 1030 1020 8.4 930 214 1505
525 and
1000 | gso | 1030and 1030 126 |1010| 714 1528
515 .
(distorted)
5000 700 - - 25.2 950 3571 1501
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EDX

HWCVD
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RIE

SEM

SHG

TEM

uv

Beta Barium borate

Charge Coupled Device

Dye Sensitive Solar Cell

Energy Dispersive X-ray

Hot Wire Chemical VVapour Deposition

Infrared

Nanoparticle

Reactive lon Etching

Scanning Electron Microscope

Second Harmonic Generation

Transmission Electron Microscope

Ultraviolet
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XRD

X-Ray Diffraction

List of Symbols

Mathematics

VE
Ei

FL

Area of laser spot

Cross sectional area of plasma
Magnetic field
Speed of light
Particle size
Laser spot diameter
Diameter of laser beam
Charge on the electron
Error in ring size
Electric field
Electric field gradient
Mean ion energy
Frequency of laser
Lorentz force
Ponderomotive force

Focal length of lens
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Fo Focal length of scanner lens
I Laser intensity
I+ Transmitted light intensity
lo Incident light intensity
Vi Laser intensity gradient
kg Boltzmann’s constant
kv Absorption coefficient
Thickness traversed by the light
m Electron mass
n Refraction index
T Temperature
V, V1 Velocity of the electron
Vp Volume of plasma
Vo Velocity of charged species
w Rate of energy deposit
A Charge multiplicity
Greek
o Absorption coefficient
A Wavelength
0} Laser frequency
€ Permeability in vacuum
T Pulse duration
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GaAs Gallium Arsenide
H Hydrogen

MoO3 Molybdenum Oxide

PbS Lead Sulfide

Si Silicon

SiO; Silicon Dioxide
Sn Tin

TiO, Titanium Dioxide
Yb Ytterbium

Zn Zinc
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