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Summary

F em tosecond  laser ablation o f  m etals and dielectrics is currently  very topical due to 

its new and distinctive ablation process and the grow ing  num ber o f  applications. T he 

ablation process is rather com plex and results in the form ation o f  tw o distinct plum es, 

a fast, a tom ic com ponent,  and a slow com ponen t  com prised  m ainly  o f  nanoparticles. 

This thesis describes the results o f  an investigation into the fem tosecond  laser ablation 

o f  som e metals. T he experim ents were perform ed for gold, silver, a lum inium  and tin to 

com pare  the differences in their ablation behaviour.

We studied the atomic p lum e spectral and spatial em ission and found that it is a low 

tem perature p lasm a with a supersonic velocity. To characterise  the nanoparticle p lum e 

we perform ed in situ, t im e-dependent optical em ission  and absorption m easurem ents.  

We aim ed to extend current analysis m ethods by taking into account the w avelength d e 

pendence o f  the nanoparticle  optical properties. F rom  our results, w e inferred the tem 

perature and the am ount of material in the nanopartic le  plume. We found the nanopar

ticle p lum e tem peratures varied from  about 1700-3000 K depend ing  on material and 

the time the m easurem ent was taken with respect to the laser pulse. In this range, the 

nanoparticles  were found to cool prim arily  by evaporation. F rom  our study we noticed 

significant differences in the p lum e characteristics o f  each material. Finally, w e studied 

the behaviour o f  each p lum e com ponen t  in a background  gas environm ent o f  argon and 

helium  up to atm ospheric  pressure.

K e y w o rd s :  Fem tosecond laser ablation, optical em ission spectroscopy, p lum e confine

m ent in background gas, L angm uir  ion probe, gold, silver, a lum inium , tin.
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Chapter 1

Introduction

Since the invention o f  the ruby laser in 1960, there has been extensive investigations 

o f  the interaction o f  laser radiation with all forms o f  matter [ 1 ]. Initially, the laser was 

described as ” a solution looking for a prob lem ” . Today, lasers are everywhere, from 

optical fibers, transmitting signals at much higher transfer rates than metallic cables, to 

the scanner in a supermarket checkout. T he main advantages o f  lasers are its narrow 

spectral line width, long temporal coherence and high intensity.

Figure 1.1: Time integrated image o f a zinc plasm a plum e produced by a 1064 nm Nd;YAG 
nanosecond laser with an average fluence of 4 Jem  ' .

Intense laser irradiation o f  materials has been an active area of study since 1962 when 

Breech and Cross published their study on the vaporisation and excitation of the surface 

o f  a solid target by laser irradiation [2], A laser can be continuous wave (CW ) or pulsed. 

Pulsed operation o f  lasers result in a much higher achievable peak pow er since the en 

ergy stored in the la.ser gain m edium  is released in a short pulse. Laser ablation is the 

removal o f  material from a surface by laser beam  irradiation, typically carried out by 

a pulsed laser. Pulsed laser ablation has num erous advantages, for exam ple; a smaller 

heat effected region and a higher ablation efficiency than with C W  ablation. This is due 

to fact that the energy absorbed by the target does not have time to conduct away from 

the laser irradiated region and therefore, m ore o f  the energy contributes to the material 

removal process.



2 I n t r o d u c t i o n

Pulsed laser ablation has many applications in material science including thin film depo

sition, nanoparticle production, material identification, novel light sources .etc. It also 

has applications in a number of other fields such as laser based surgery and in industrial 

engineering for precision machining or patterning [3], Laser-matter interaction involves 

a number of complex processes; heating, melting, vaporization, ionization, plasma for

mation and expansion. Figure 1.1 shows the light emission from a typical plasma plume 

generated with an 8 ns, 1064 nm Nd: YAG irradiating a solid zinc target with a fluence of 

4 J c m “  ̂ and recorded with a time integrating RGB camera. The laser-matter interaction 

leads to vaporisation of a small amount of material from the target surface. The vapour 

is hot, ~ 1 eV, in this case is nearly fully ionized and emits intense optical radiation. 

The ablated material, initially present as a hot layer on the target surface, undergoes 

a 3-dimensional expansion. These are the main features of laser ablation and will be 

discussed in more detail throughout this thesis.

Laser absorption occurs in a thin layer of target material at the surface, described by the 

optical absorption coefficient, a

where k is the extinction coefficient of the target material and A is the laser wavelength. 

The optical absorption depth, J  = o'"', is on the order of tens of nanometers for most 

metals. Laser wavelength plays an important role in the choice of irradiating laser, fig. 

1.2 shows the variation of optical absorption depth for gold. At lower wavelengths, 

there is a much shorter absorption depth, resulting in most of the laser energy delivered 

within the first few nm of the material. This is an ideal choice for laser patterning and 

precise micro-machining. In fig. 1.2, we observe two peaks in absorption depth at 330 

and 470 nm which are due to interband transitions in gold [4,5].

Recent developments have lead to the availability of commercial, high peak power, ultra 

short pulsed lasers, i.e. lasers that have a pulse length of less then a few picoseconds, 

but with a large enough pulse energy to achieve ablation. For femtosecond ablation of 

metals, a fluence of a  0 .1 J cm “  ̂ is required to achieve ablation, whereas for nanosecond 

ablation, the threshold is a  0.6 J cm~^. For femtosecond ablation, the energy is delivered 

in a much shorter time scale than for nanosecond laser ablation which results in a much 

smaller heat-affected zone. This is advantageous for material processing, the ablation 

process is more efficient and it reduces the melting and re-solidification of the remaining 

material which could be detrimental to thermally sensitive devices. Ultra-short pulse
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Figure 1.2: Calculated optical absorption coefficient and corresponding absorption depth for 
bulk gold.

laser ablation has been an active area of research for several decades. However, the 

interaction between metals and ultra short laser pulses is still not fu lly  understood. The 

main objective of this research is to further the understanding o f femtosecond laser 

ablation of metals.

As is described in more detail in chapter 2, the laser pul.se length strongly influences 

the ablation plume formation mechanisms. For femtosecond ablation, two plume com

ponents are formed, a fast atomic/ionic plume and a slower nanoparticle plume. The 

nanoparticles are formed within the target before it unloads to form a nanoparticle plume 

which can then be deposited on a substrate to form a nanostructured film. Nanosecond 

ablation proceeds by thermal evaporation o f the material from the target which normally 

consists o f a single plasma plume. The plasma can be deposited on a substrate to form 

uniform or nanostructured thin films. With each successive laser pulse the nanoparticles 

increase in size, eventually coalesce and begin to form a continuous thin film. Recently 

there has been a significant number o f papers published in the area o f femtosecond 

laser ablation o f metals and other materials [6-9]. However, there are some aspects still 

not well characterised. The partition o f material between the atomic and nanoparticle 

plumes is currently not well understood. This work aims to address this issue by study

ing laser ablated material by using multiple diagnostic mechanisms to study multiple 

metals. Gold and silver were chosen as their nanoparticles are o f interest for a number 

o f applications such as surface enhanced Raman spectroscopy [ 10, 11 ]. Tin was chosen 

as it is currently o f interest as an extreme ultraviolet .source for lithographic applica

tions [ 12|. Aluminium was chosen due to its low atomic weight in contrast to the other, 

relatively heavy materials. The analysis o f the nanoparticle plume is o f particular inter

est in this work. By taking into account the wavelength dependent emissivity we have 

improved current methods to estimate the plume temperature and to perform an insi t i i
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measurement of the amount of material in the plume [8].

It is also possible to slow and confine the plume using a background gas to cause 

nanoparticle formation during the plume expansion and before reaching a substrate. In 

this thesis we will aim to experimentally study the femtosecond laser ablation process 

for different metals by comparing a number of characterisation techniques to build up a 

comprehensive description of the process.

1.1 Objectives

This work can be divided into two main parts:

1. The study of the femtosecond plume expansion in vacuum. To develop new tech

niques and to expand existing analysis methods and techniques to further the un

derstanding of the ablation process.

2. To utilise these techniques to further study the influence of background gas on 

plume propagation for femtosecond ablation of different metals.

Chapter 2 describes the theory relevant to the ablation process. Femtosecond and 

nanosecond ablation regimes will be described. Also discussed in this chapter is the 

fundamentals of optical emission spectro.scopy from a plasma. To characterise the 

nanoparticle plume, we will also di.scuss the nanoparticle optical properties and how 

this influences their emission, absorption and cooling rates.

Chapter 3 describes in detail the laser systems and main experimental procedures. A 

wide range of techniques are used in this thesis to study different properties of ablation 

such as plume optical emission by using iCCD photography and time and space re

solved emission spectroscopy. Absolute intensity calibration of the spectroscopic m ea

surements can be used to quantify the amount of material in the plume. Ion time of 

flight is studied using a Langmuir ion probe. The techniques that are utilised to study 

the plume optical absorption, material removed and material deposited are described.

Chapter 4 introduces the experimental setup used for studying the femtosecond ablation 

plumes, describing the orientation and setup of each diagnostic technique. The ablation 

crater and material deposited will also be discussed in this section.

Chapter 5 discusses the results of a study of the fast, atomic plume produced by fem

tosecond laser ablation in vacuum. Langmuir ion probe measurements, iCCD imaging
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and time- and space- resolved emission spectroscopy will be utilised to characterise the 

plum e characteristics. T he study will include gold, silver, a lum inium  and tin. Silver 

was chosen for an in-depth study o f  its atomic p lum e emission due to readily available 

atomic data.

Chapter 6 focuses on the slow, nanoparticle p lum e produced  by fem tosecond laser ab 

lation. Initially, the study will focus on gold, showing in detail the results o f  various 

experimental techniques and a discussion based on how the optical properties o f  a m a 

terial allows us to relate the observed intensity of  the nanoparticle p lum e to the am ount 

of material and the p lum e temperature. This analysis will then be applied to silver, 

alum inium  and tin to study the variation in plum e properties for each material.

Chapter 7 we will broaden our study to look at the effect o f  background gas confinem ent 

on plum e propagation. In order to form a com plete picture a light (helium) and relatively 

heavy (argon) gas were chosen to study the effect o f  the molecular w eight o f  background 

gas on the ablation p lum e expansion. A wide pressure range was used to study the effect 

o f  background gas pressure on p lum e characteristics (10, 100 and 1000 mbar).
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Chapter 2

Theory

In this chapter, the relevant theory for laser ablation is introduced. We will initially 

discuss the main m echanism s responsible for fem tosecond laser ablation. W hile there 

has been many theoretical and experimental studies there is still some debate on the 

main formation m echanism s 113,14]. Fem tosecond laser ablation and plum e formation 

is a com bination  of a num ber o f  com plex processes; laser-material interaction and the 

coupling o f  energy to the lattice, vaporization, material fragm entation and phase exp lo 

sion 11 5 -1 7 |. Fem tosecond laser ablation results in the formation of two plumes, a fast 

atomic p lum e and a s lower com ponen t com prised mainly o f  nanoparticles [18,19]. As 

this work will mainly deal with experimental m easurem ents of  the ablated material the 

generally  accepted m echanism s will be discussed. Next we will describe the Anisimov 

expansion model ]20, 21]. This model describes an adiabatic, isentropic, self similar 

gas expansion. This model has previously been shown to be successful in describing 

a nanosecond laser produced plum e expansion. The model can be used to describe the 

p lum e shape along with the pressure and density profiles within the plume.

The second part o f  this chapter will focus on the interaction o f  light with small spherical 

nanoparticles that can be described by the Rayleigh approxim ation. Finally, we will d is

cuss the thermal properties o f  the nanoparticles. Typically, fem tosecond laser ablation 

of metals results in the formation o f  hot nanoparticles which expand away from the tar

get surface. A num ber o f  possible cooling m echanism s will be considered. In chapters 

6 and 7, we will characterise the nanoparticle p lum e by m easuring its light em ission us

ing optical em ission spectroscopy, from  which, we aim to deduce the dom inant cooling 

m echanisms.

7
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2.1 Femtosecond laser ablation

This section will explore the main formation processes involved in femtosecond laser 

ablation. A femtosecond laser produces laser pulses with duration on the order of 1 

to a few hundred femtoseconds (10“ ' “' s). At this short time scale, during the laser 

pulse, heat conduction into the target can be neglected. Femtosecond laser ablation can 

be described by three main processes; deposition of laser energy into the target, phase 

transformation of the irradiated region and expansion of the plume components. While 

there is currently not complete agreement in the scientific community on underlying 

processes of femtosecond laser ablation, we will discuss the generally accepted forma

tion mechanisms and where possible make reference to areas of disagreement.

2.1.1 Laser absorption

For metals, the absorption of a femto.second laser pulse is similar to that of nanosec

ond. The free electrons absorb the laser energy in a thin layer near the target surface 

determined by the optical absorption coefficient, described by equation 1.1. However, 

due to the short pulse length, the electrons are driven into an excited state compared to 

the lattice. The free electrons are in thermodynamic equilibrium with each other due 

to electron-electron collisional processes which occur on time scales on the order of 10 

fs. The hot electron gas, due to electron-phonon interactions, transfers energy to the 

lattice on the order of the electron phonon coupling time of the target material, «  10 

ps for metals |22, 23|. Therefore, the temperatures of the electrons and lattice cannot 

be assumed to always be in equilibrium. In this case, the temporal and spatial evolu

tion of the electron and the lattice temperatures, and r , ,  can be described by a one 

dimensional two temperature heat diffusion model [7 ,17,24-26]

C e ^  = -dQ{z )dz  -  G(T,  -  T,) + S,  
or

( 2 . 1 )

C , ^  = G{T, -  r ,), 
o t

(2 .2 )

5 = (2.3)
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where z is the direction perpendicular to the target surface, Q{z) is the heat flux, S  is 

the laser heating-source term, I{t) is the laser intensity, A  and a  are the surface ab- 

soiptivity and the material absorption coefficient, Q  and C, are the heat capacities (per 

unit volume o f  the electron and lattice subsystem s), G  is the param eter characterising 

the electron-phonon coupling strength, and is the electron thermal conductivity. The 

above equations can be solved by neglecting the lattice thermal conductivity  since heat 

moves much faster through the electron sub system, and therefore get a numerical solu

tion for Ti and T^.

8000

front and rear

6000
0)
5
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<D
O .
E
0)\-

4000

2000

T, front and rear
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Time, p s

Figure 2 .1 : Simulation o f  femtosecond laser irradiation of a 50 nm thick gold target with a pulse 
length of 200 fs and an absorbed fluence of 1.3 x  10"- J cm~“ showing the time dependence of 
electron and lattice temperatures at the front and back surfaces of  the target. Reproduced from 
ref 117].

Ivanov et. al. m odelled  the fem tosecond ablation o f  gold using a com bined  two tem 

perature model and m olecular dynam ic simulation (T T M -M D ) 117). They studied the 

irradiation o f  a thin 50  nm gold target with a 200 fs laser pulse and an absorbed fluence 

o f  1.3 X  10“- J c m ““. F igure 2.1 shows the variation o f  electron and ion tem peratures 

at the front and rear o f  the 50 nm gold film. In this example, w eak electron-phonon 

coupling and ballistic energy transport by excited electrons leads to hom ogeneous hea t

ing o f  the film. Initially, the electrons are excited and undergo isochoric heating such 

that the material density  remains unchanged  and reaches a tem perature o f  > 8000 K. As 

the electron-phonon coupling  time is on the order o f  p icoseconds for metals, the lattice 

rem ains cold. The electrons transfer energy to the co lder lattice by electron-phonon 

scattering. At % 50 ps after the laser pulse the lattice and electrons reach equilibrium.



1 0 2 . 1 .  T h e o r y  -  F e m t o s e c o n d  l a s e r  a b l a t i o n

2.1.2 Ablation mechanisms

At higher fluences, fem tosecond laser irradiation o f  the target leads to decom position  

of material in a thin layer near the target surface. Wu et al. have applied a similar 

T T M -M D  m odel to describe fem tosecond laser irradiation o f  a lum inium  by a 100 fs 

pulse with an absorbed fluence o f  0.2 J c m " ‘ . Snapshots shown in fig. 2.2 visualise the 

ejection o f  material from the target from 50 - 450 ps after the laser pulse [27].

At 50 ps after the laser pulse, material at the target surface has vaporised and a fast, 

atomic p lum e is observed leaving the target. Within the target, void formation occurs. 

The growth and coalescence o f  multiple voids results in the formation o f  com plex struc

tures o f  interconnected liquid. At later times, the size of the voids is increased, the 

material is seen expanding  away from  the target but the interconnected  liquid regions 

remain connected. To provide a broader look, fig. 2.3 shows a snapshot at 630 ps 

covering a greater distance from  the target surface. A prom inent feature o f  the plume, 

observed from  fig. 2.3 is that c lusters o f  different sizes originate from  different depths 

within the target, this results in the front of  the p lum e been predom inately  m ade up of 

vapour and small clusters. T he larger clusters observed at the back of the p lum e are 

form ed deeper within the target.

. i  1 ■  I___ i. _____,0. -1 _J______i -I i. 1 1 I > I

•200 0 200 400 600

[)istance from the initial surface (nin)

Figure 2.2: Snapshot of the atomic configurations predicted by a hybrid TTM-MD model of 
femtosecond ablation of aluminium with an absorbed fluence of 0 .2Jcm ~‘ . Reproduced from 
ref. [27].
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28 nm, 689859 atoms 9 nm, 21331 atoms

(C)
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Distance from the uiitial surface (^UIl)

26

Figure 2.3: Snapshot o f  the atomic configurations 650 ps after the laser pulse predicted by 
a hybrid TTM -M D  model of  femtosecond ablation of  aluminium with an absorbed fiuence of 
0.2 J cm ““. (a)-(c) show an extended distance range from the target. Reproduced from ref. [27].

5 nm

15 nm 20 nm
10 30 nm

50 nm
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Q .
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0.0 0.5 1.0 1.5 3.0 3.52.0 2.5

Density (g/cm )

F igu re  2.4: Phase diagram of aluminium showing the time evolution of density and temperature 
at different depths within the target. Dashed curve, the spinodal; g, stable gas; 1, stable liquid; s, 
stable solid; 1+s, stable melting; g+1, liquid-gas mixture; g+s, solid-gas mixture; (g) metastable 
gas; (1), metastable liquid; (1+s), metastable melting; (s), metastable solid. The phase trajectories 
correspond to depths of 5, 15, 20, 30, 50, 80 and 130 nm from the target surface. The laser pulse 
parameters are r /  = 100 fs, A  =  800 nm, F  = 5 J cm Reproduced from Povamitsyn et al. 
ref [151.

F o r  the d iscu ss io n  on  the  m a te r ia l  re laxa tion  m e th o d s  w e  will fo cu s  on the  n u ine r ica l  h y 

d ro d y n a m ic  s tudy  b y  P o v a m itsy n  et al. on  the  fe m to se c o n d  ab la t io n  o f  a lu m in iu m  115], 

H y d ro d y n a m ic  ca lcu la t io n s  have  the ab ili ty  to m o d e l  m u ch  la rger  sy s te m s  as it is less
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Plasma

Nanoparticle

Wavelength (nm) Distance (mm)

Figure 2.5: Time- and space- resolved spectroscopy and iCCD imaging recorded 200 ns after 
the laser pulse showing the atomic and nanoparticle plume components.

computationally expensive compared with MD simulations. Figure 2.4 is the calcu

lated density-phase diagram for an aluminium target undergoing femtosecond ablation 

by a 800 nm, 100 fs laser pulse with a fluence o f 5 J cm“ ‘ . This figure shows how the 

material properties evolve at different depths within the target, dependent on the laser 

energy absorbed at that depth. As the thermal energy is transferred from the electrons 

the lattice undergoes rapid heating. The top-layer of the target reaches the highest tem

perature and undergoes atomisation. It proceeds above the critical temperature, Tc, and 

is directly transformed into the gas phase. The region close to the target surface, < 

15 nm reaches a temperature above the critical temperature, the target material is trans

formed into the gas phase, eventually this material cools, crosses the binodal line and a 

liquid-gas mixture forms. This regime is called critical point phase separation. Phase 

explosion occurs between approximately 20 - 30 nm. This layer crosses the binodal 

near the critical point, in itia lly it forms a metastable liquid state which leads to rapid 

decomposition into a liquid-gas mixture. It has also been proposed by Perez et. al. 

that the mechanism responsible for matter that proceeds along this trajectory is in fact 

fragmentation [ 13,14,18]. Deeper layers enter the metastable region at 7  «: T̂ . In this 

case, the matter can have a much longer life time in the metastable state. Mechanical 

stress dominates over thermal effects and material fragmentation occurs resulting in the 

material decomposing into liquid droplets. However, Perez et. al. describes the ablation 

mechanism o f deeper layers o f the target as phase explosion [ 13,14,18]. As seen in fig. 

2.3, as a result o f multiple decomposition mechanisms the ablated material is segregated 

into distinct components.

After the decomposition o f the target into its various components, the material is driven 

in a forward directed expansion away from the target due to the pressure gradient. As 

the material expands, it is observed to compose o f two main, distinct components: (a) a
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c lo u d  o f  fast a to m ic  spec ies  (neu tra ls  and  ions)  w h ich  leaves  the  ta rget su rface  at a h igh 

ve loc ity  and  (b) a s lo w e r  p lu m e  c o m p o s e d  o f  n an o p a r t ic le s  sh o w n  in fig. 2.5 w h ic h  are 

a resu lt  o f  c o m p le x  m ater ia l  d eco m p o s i t io n  m e c h a n is m s  p rev io u s ly  d iscussed .

2.1.3 Ablation in the thermal regime

In the  th e rm a l  reg im e ,  the la se r  pu lse  leng th  is m u c h  lo n g e r  than  the  e le c t ro n -p h o n o n  

c o u p l in g  tim e , T^p.  F o r  m eta ls ,  T^p is on  the o rd e r  o f  p ico seco n d s .  T h e re fo re ,  fo r  

n a n o s e c o n d  la se r  ab la t ion , the  tem p era tu re  o f  the  e lec tron  and  la tt ice  s u b sy s te m s  are 

a lw ay s  in equ i l ib r iu m .

T h e  n a n o se c o n d  ab la t ion  p ro cess  can  be  d e sc r ib e d  b y  th ree  d is tinc t s teps; L a s e r  a b 

so rp t io n  and  h ea t in g  o f  the ta rget m a te r ia l ,  v a p o u r  and  p la sm a  fo rm a tio n ,  a n d  p lu m e  

ex p a n s io n  [2 8 -3 0 ] .  F ig u re  2 .6  sh o w s  a s im p lif ied  i l lu s tra t ion  sh o w in g  the  m a in  p ro 

c esse s  invo lved  in n a n o se c o n d  laser  ab la t ion  and  the ir  re la tive  t im ings .  1. A s  the  initial 

part  o f  the  la se r  pu lse  is ab so rbed ,  the  ta rget hea ts  an d  a m elt  laye r  is fo rm e d  w h ich  

p ro p a g a te s  into  the target. 2. A t suffic iently  h igh  laser  in tensities ,  a v a p o u r  lay e r  fo rm s. 

D u r in g  the  laser  pu lse  the v ap o u r  layer  can  be  fu r th e r  h e a te d  by  inverse  b re m ss t ra h lu n g  

(sec tion  2.3). A t suffic iently  h igh e n e rg y  dens it ie s ,  th is  p ro cess  can  resu lt  in p la sm a  

fo rm a tio n  [31 j. L a se r  a b so rp t io n  by  the  v a p o u r /p la sm a  can  sh ie ld  the ta rget f ro m  the 

laser  pu lse  an d  resu lt  in the m elt  laye r  reced in g  b e fo re  the e n d  o f  the pu lse . 3. A f te r  the 

laser  pu lse  the p lu m e  then  u n d e rg o e s  a 3 -d im en s io n a l  sem i-e l l ip so id a l  ex p an s io n .

1. 2. 3.

F igu re  2.6: Schematic showing the main processes involved in nanosecond pulsed laser abla
tion; I. laser absorption and melt layer formation, 2. plasma formation and absorption of the 
laser pulse and 3. plume expansion.

V a p o u r /p l a s m a  

y  layer
Ablation

p lu m e

Time
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The laser pulse is absorbed in a thin layer o f  target material at the surface, described by 

the optical absorption coefficient, a  and the ablation process can be described by a one 

d im ensional heat flow equation [2 9 ,3 2 -3 4 ] ,

where Cp, p ,  k,  and a  are the heat capacity, m ass density, thermal conductivity  and 

absorption coefficient o f  the target material respectively. Rj ,  z, and /( / )  are the target 

reflection coefficient, depth within the target and incident laser intensity respectively. 

ii{t) is the velocity o f  surface recession. This model can be solved num erically  under 

certain assum ptions o f  the initial conditions, 7 (0 ,  z), 7 (0 ,  oo) = and has shown to 

give good agreem ent with experim ent [35]. Equation 2.4 is difficult to solve because of 

the tem perature dependent material properties and the m oving solid-liquid interface. A 

detailed d iscussion on the tem perature dependence o f  the absorption and reflection co 

efficients and their influence on ablation is given in refs. [36,37]. O nce the target surface 

reaches the melting temperature, T,,,, a melt layer forms and starts to evaporate forming 

a thin vapour layer on the target surface. T he vaporisation flux can be obtained from the 

Hertz-K nudsen  equation [33] and therefore, derive the surface recession velocity, u(t) 

as

where kb, m, p,  and ps are the B oltzm ann  constant, average particle mass, density and 

gas/vapor pressure. The gas pressure, i.e. the pressure o f  this thin vapor layer can be 

estim ated from  the C lausius-C lapeyron  equation [38]. This  thin vapour layer attenuates 

the pow er o f  the incident laser beam  reducing  the intensity coupled  to the target and 

further heats and ionizes the vapour plum e. This shielding effect is a result o f  reflections 

from the vacuum -plum e and p lum e-target interfaces, inverse brem sstrah lung  absorption 

and photoionization  within the vapour [3 3 ,37 ,39 ] .

-h (1 -  R f{ T ) ) a { t ) I { t ) e x p { - a { T ) z )

(2.4)

(2.5)
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2.2 Plume expansion

After plum e formation, the thin layer o f  p lasm a expands from the target surface in a for

ward directed expansion due to the pressure gradients perpendicular and parallel to the 

target. The expansion dynam ics are strongly influenced by the initial p lasm a properties; 

initial d im ensions, internal energy and the ambient conditions. There are a num ber o f  

m odels available to describe this expansion depending on w hether the p lasm a is allowed 

to expand freely (in vacuum) [2 0 ,2 1 ,4 0 ] ,  or inhibited by a background gas ( 4 1 ^ 4 ) .  

For vacuum, most m odels use hydrodynam ic m ethods to characterise the p lum e e x 

pansion [2 0 ,45 ] .  The p lum e expansion is described by the gas dynam ic equations, 

expressing the conservation o f  mass and m om entum  as

^  + V ■ (pv) = 0 
at

( 2 .6 )

dv  1
—  + (i’ ■ V)\’ - I -  - V p  = 0 
d t p

(2.7)

— + ( v V ) 5 = 0  (2.8)
dt

where p, v, p, S  are the p lum e density, velocity, pressure and entropy respectively. We 

will focus on the com m only  used A nisim ov model [20 ,21] ,  which has been shown 

to give good agreem ent with experim ental data [ 4 6 ^ 8 ] .  This  model is based  on the 

assum ption that the expansion is adiabatic and isentropic. T he  solution to this model 

considers  the p lum e param eters  to be constant along ellipsoidal surfaces. This  leads to 

expressions for the density and pressure profiles in the plume.

E  I x~ \ * *
P ( x , y \ z , t )  -  7 ? )
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The variables, I \ (y), h { y ) ,  described in Ref. [20] are integrals involving y  and S . M  and 

E  are the m ass and initial energy o f  the vapour plume. As shown in fig. 2.7, A"o, Kq, Zo 

are the initial p lum e dim ensions, X{t),  Y(t),  Z{t)  are the p lum e dim ensions at time t.

Target

Xo X(t)

Figure 2.7: Schematic diagram depicting the evolution of  plasma dimensions during expansion 
as described by the Anisimov model.

The gas dynam ic equations, 2.6-2.8 can be reduced to ordinary differential equations

d~X ( f Y  d - Z  E XonZo
X Y Z

(y-l)
( 2 . 1 1 )

with initial conditions of

X(0) = Xo, K(0) = Ko,Z(0) = Zo, f  = f  = f  = 0 (2.12)

from this, the velocity is initially zero, the p lum e undergoes an acceleration phase, after 

which it expands at constant velocity. N um erically  solving equation 2.11 provides the 

temporal variation o f  p lum e shape, often referred to in term s o f  the aspect ratio, k, which 

characterises the particle flux angular distribution, = Z/X, k . y  =  Z/ Y, k y ; ^  = Y/X.

Figure 2.8 shows (a) the variation in p lum e radii and (b) aspect ratios versus time. This 

s imulation was calculated  for a nickel p lasm a with initial p lum e dim ensions o f  Xo = 

500|.im, Yq -  250 (.im, Zo =  50|.im, and energy per particle, Ep = 50 eV. Initially the
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Figure 2.8: Evolution of the (a) plume radii and (b) plume aspect ratios, calculated using the 
Anisimov model.

p lum e radii and aspect ratio are equal to that o f  the initial plum e dim ensions. The 

p lum e accelerates in each d im ension depending on the respective pressure gradients. 

T he simulation also shows the expansion velocity is forward directed, this is due to a 

greater pressure gradient in the z-direction, caused by Zq < <  X q, Yq. The expression for 

p lum e tem perature along the z-axis from the model is

Figure 2.9 shows the variation in p lum e tem perature along the z-axis. T he tem perature 

at the p lum e boundary  is zero which is as a result o f  the expansion assum ed to be 

isentropic.

(2.13)

0.30

0.00
0 10 20 30 40 50

D istance (mm)

Figure 2.9: Temperature along the plume z-axis for t = 1 (̂ is.

The Anisim ov model describes the isentropic expansion of a hot vapour plume. Laser 

produced  p lasm a plum es consist o f  an ionized gas. For a vapour p lum e to be i.sentropic,
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the heat diffusion length s must be smaller than the plasma dimensions. Doggett et. al. 

showed that for a 1-dimensional plasma of length d, this condition is satisfied if [46]

T" < 1.05 X + 1 )n,dm:''^  (2.14)

where Z, m, are the mean ion charge, the target atom density and the atom mass 

respectively. Taking y = 5/3, Z= \ ,d =  10“  ̂cm for a silver plume, the expansion can be 

treated as isentropic if 7  < 12.4 eV. For this work, the plumes studied can therefore be 

assumed to undergo an isentropic expansion.
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2.3 Optical emission spectroscopy

Optical emission spectroscopy is one o f  the most im portant diagnostic m ethods for m ea

suring the conditions within a p lasm a plume. It is non-invasive and does not interfere 

with the plasma. Optical em ission from  an atomic p lasm a plum e is as a result o f  the 

electrons undergoing radiative transitions. The m ain electronic processes that govern 

the optical em ission from  a plasma, depicted in fig. 2.10, can be divided up into three 

categories; bound-bound, free-bound and free-free transitions.

(c)

I

E2

Ep>l-E2 (b)

Ep=E2-Ei (a)

Eo

Figure 2.10: Simplified energy level diagram showing the 3 main types of transitions: (a) 
bound-bound, (b) free-bound, (c) free-free.

B ound-bound  transitions occur w hen an electron moves from  one discrete energy level 

to another, usually by photo-excita tion or collisional processes. F ree-bound occurs 

when a free electron loses energy by transitioning to a discrete energy level o f  an atom. 

T he radiative free-bound transition is known as radiative recom bination, the energy of 

the photon produced  is equal to the difference in energy levels and the binding energy. 

Free-free transitions, also known as brem sstrahlung involve a free electron gaining or 

losing energy by interacting with other charged particles within the plasma.

Selection rules apply to transitions between radiately linked levels and therefore, tran

sitions are not observed betw een all pairs o f  levels. The selection rules for allowed 

electric dipole transitions as as follows: the total spin cannot change, the change in total
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Figure 2.11: Two level system showing spontaneous emission (A21), absorption (B21) and stim
ulated emission (B12) transitions.

angular m om en tum  can be 0 o r  1 but J =0  —> J =0  is not allowed, the change in total 

orbital angular  m om entum  can be 0 or 1 but L =0  ^  L =0  is not allowed and the initial 

and final w avefunctions m ust change in parity [49 ]. The probability  o f  a transition by 

spontaneous em ission from  £2 to E\  is given by Aji

A., = 4 .3 4 x  10’ (/?v)‘ — / p  (2 . 15)
82

where g is the degeneracy o f  a given energy level, 60 is the perinittivity o f  vacuum, /12 

is the transition oscillator strength and v  is the frequency o f  the em itted  photon. The 

intensity o f  a spectral line depends on the transition probability, the num ber density of 

atoms with an electron in the upper level, and the probability  that em itted  photons 

will not be reabsorbed. This can be represented  by a two level system.

Stim ulated  emission and absorption, shown in figure 2.11 can be represented  by having 

transition rates o f  B2\, B\2 respectively. A ssum ing  the system  is in therm odynam ic equ i

librium with the radiation field the transitions betw een E2 and E\  are equal and given 

by

A2i«2 + B2\p{V]2)n2 = B\2p{V]2)n] (2 . 16)

where p  is the radiation density. T he  Einstein coefficients, A21, fli) and B\2 are fixed 

probabilities associa ted with the a tom  and do not depend on the state o f  the plasma. 

From  this, it is possible to derive a re la tionship betw een the Einstein coefficients assum 

ing thermal equilibrium.
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^1 ^12  -  ^ 2^21

8;r/!v,\ (2.17)
^21 =   T ^ f l2 1c'

The population distribution o f the system can then be described by a Boltzmann distri

bution at a given temperature, T.

'21 =  ( 2 . 18) 
>h gi

Therefore the relative line intensities are directly related to the transition probabilities 

and level populations. I f  the intensity of a given line follows a Boltzmann distribution 

then the plasma irradiance is given by

' 21
-f?

a '  ~ e 
An

(2 . 19)

where o' is a constant common to all lines, therefore a Boltzmann plot can be constructed 

for multiple lines o f the same ionization species by graphing versus Et, the

energy o f the upper energy level with respect to the ground state. The slope of the 

resulting line is equal to \ / kT,  and hence one can solve for T. This method assumes 

that the plasma is optically thin and in local thermodynamic equilibrium (LTE). The 

A-values can be calculated from the oscillator strength and the level degeneracies, f\2 

by

where A21, ^2, g i, >fh the wavelength o f the emitted photon, degeneracy of the upper 

and lower levels and the electron mass respectively. There are a number of factors that 

determine the width o f a spectral line such as Doppler, impact, and Stark broadening. 

Stark broadening comes from the Stark effect, which is caused by an atom or ion per

turbed by an electric field resulting in splitting o f energy levels, which can be described 

by
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( 2 .2 1 )

electron contribution ion correcton

where h’, A, ne are the Stark width parameter, ion broadening parameter and the electron 

density. The terms in equation 2.21 are the broadening contributions due to electrons 

(LHS) and ions (RHS), where the ionic term is generally negligible given the much 

slower response of ions to perturbations and hence equation 2.21 reduces to the electron 

contribution.

This equation can then be used to calculate the electron density of a plasma so long as 

accurate values of the Stark width parameters are know for a given transition [50].

The contribution of the other radiative mechanisms can also be considered. Free-bound 

radiative transitions (photo-recombination), shown in fig. 2.10, requires knowledge of 

the energy level structure of the atom and the transition rates. As a free electrons en

ergy is not quantised it forms a semi continuous emission spectrum. The energy of the 

emitted photon is equal to the kinetic energy of the electron minus the binding energy. 

The simplest method of calculation is to assume a hydrogen-like ion or to make use of 

spectral synthesis codes such as FLYCHK and PrismSPECT [51,52]. Bremsstrahlung 

radiation results in a broad continuum being observed as a free electron energy is not 

quantized and therefore the change of an electrons energy as it interacts with another 

charged particle does not result in discrete line emission. The spectral emission coeffi

cient due to bremsstrahlung emission is given by

( 2 .22 )

3 \ 3 k T m
(2.23)

where m, N/,  and v are the mass, ion density, electron density and frequency of the 

emitted photon.
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2.3.1 PrismSPECT

Spectral m odelling is a widely used m ethod for determ ining  p lasm a properties. In 

this thesis, we em ploy a com m ercially  available, collisional-radiative spectral synthesis 

code, P rism SPE C T  |5 2 | .  For a set o f input param eters , i.e. the p lasm a tem perature, den 

sity and thickness o f  the plasma, P rism SPE C T  calculates the ionization, excited level 

populations, em ission and opacity. P rism SPE C T  can be operated  in LTE or non-LTE 

m ode and accounts for opacity and instrumental broadening. An exam ple o f  a simulated 

silver p lasm a em ission spectra and its corresponding  opacity  is shown in fig. 2.12 for 

the conditions; atom  density =  5 x  10'^ c m ^ ,  tem perature =  0.8 eV, p lasm a thickness 

= 1 m m  and m ean ionisation, Z  =  0.58. The m ean ionisation is defined as

N
(2.24)

w here  N  is the total a tom/ion density, and z, are the density  and charge o f  particles of 

a particular ionisation, i. By com paring  sim ulated p lasm a spectra with experim ent we 

can deduce the p lasm a properties.

E 25

s .  10'

A .
500
Wavelength (nm)

600 700 800300 400 500 600
Wavelength (nm)

700 800 300 400

(a) Emission spectrum (b) Optical depth

Figure 2.12: Calculated (a) emission spectrum and (b) Optical depth for a silver plasma using 
PrismSPECT.
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Sim ulating multiple spectra, P ris inSPE C T  can show trends in how the variation of den

sity/tem perature can effect the o ther p lasm a properties. F igure 2 . 13a shows the variation 

o f  ion fraction with atom  density  at constant temperature. As the ion density increases 

the ionisation reduces. In hg. 2.13b, keeping the density fixed at 5 x  lO '^ c m ”-̂ , the 

variation o f  ion fraction o f  each species is plotted. As the p lasm a tem perature increases, 

the mean ionisation also increases which will result in an increase in ion lines observed 

in the emission spectra.
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o
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0.0
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Figure 2.13: Variation of  the fraction of  each ion component with (a) density at a fixed temper
ature of  0.8 eV, and (b) temperature at a fixed density of  5 x  lO'^ cm"-^.

2.4 Interaction of light with small metallic particles

The interaction o f  e lec trom agnetic  radiation with small system s has been studied since 

the early  1900s with Gustav M ie ’s work on the light scattering by a sphere [53]. This 

work will focus on the interaction o f  visible light with metallic nanoparticles. Metallic 

nanopartic les are agglom erations o f  metal a toms with sizes ranging up to a few 100 nm. 

There  are a grow ing num ber o f  applications of nanoparticles in a wide variety o f  areas 

such as drug  delivery, e lectronics, m agnetic  materials and sensors [54-56].  T he study 

of the optical response  o f  nanoparticles  is of  particular im portance as it is useful for 

applications, such as near-field enhanced  optical m icroscopy, surface enhanced  Ram an 

spectroscopy and  material characterisation [10 ,57].  W hen light interacts with m atter 

its electric field interacts with electrons inducing oscillations. T hese oscillating charges 

emit radiation in all d irections know n as the scattered field. T he  electron oscillations are 

dam ped  by  collisions which results in energy lost i.e. absorption. In 1908, Gustav Mie 

described how small gold spherical partic les interacted with e lec trom agnetic  radiation 

to explain the co lour o f  gold sphere colloids with changing  diam eters  [53]. In this
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thesis, we only deal with the Rayleigh approximation of Mie theory. This holds true 

for particles that satisfy the condition for the size parameter, x = 2na/A a  1, where a 
is the particle’s radius. Rayleigh scattering is applicable to gas molecules found in the 

atmosphere and is responsible for the blue colour of the sky. When a particle’s radius, 

a, is of the order of the wavelength of light this approximation is no longer valid and 

a different approach must be used which involves solving M axwell’s equations with 

certain boundary conditions. The Rayleigh approximation treats the particle as a single 

dipole with a polarisability, a, which depends on the size and refractive index

a = Ane^a^— ^  (2.25)
€\ + 26t

where eo, 6i, 6t arc the permittivity of free space, the complex relative permittivity 

of the nanoparticle and the permittivity of the surrounding medium respectively. For 

this work, the surrounding medium is assumed to be vacuum and hence eo = 1. The 

resonance occurs when the denominator of the polarisability is at its minimum, such that 

6i + 2^2 * 0. This is known as a plasmonic resonance and results in a characteristic peak 

in the absorption, scattering and emissivity of the particles. Particles absorb, scatter, 

and if their temperature is above 0 K, emit electromagnetic radiation. The absorption 

cross section, is defined as the rate the particle absorbs the light divided by the 

incident optical flux. The scattering cross section, Cscmi defined as the rate the particle 

scatters the light divided by the incident optical flux. For a nanoparticle of radius a, the 

absorption and scattering cross sections are

Cabs = — Im la] = 4nka^ Im 
to

€\  —  €2 

6] +  26 i

(2.26)

_  l „ , | 2  _
C s c a n  ~  ^  ~  o

OTTfo 3 6 \ + 2^2
(2.27)

where k = In/A. These equations can be written in terms of the refractive index since 

6 = nr, where m is the complex refractive index. Absorption and scattering cross 

sections for gold nanoparticles, calculated with bulk optical properties are shown in fig. 

2.14. As Cahs oc and Cabs for small particles. Cabs »  Cscan iirid hence is the 

dominant effect of the particle extinction.
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Figure 2.14: Calculated gold nanoparticle scattering and absorption cross sections at 532 nm 
versus particle radii.

'abs

scatt

The emissivity of a particle, e(A,a), is equal to the absorption efficiency of a particle, 

Qabs, which is the ratio of the absorption cross section to the projected area of the parti

cle, Qahs -  Cabs/i^^^)- The nanoparticle emissivity is given by

8na
6(/i, a) =  Im

nr  -  1
nr- + 2

(2.28)

where the emissivity is the ratio of the power emitted by the particle to the power emitted 

by a particle whose emission is described by the Planck function. Therefore, we can 

calculate the spectral emission from a nanoparticle for a known temperature.

Figure 2.15 shows the emissivity of a nanoparticle of radius 5 nm of various metals. Pre

viously, the emissivity of a nanoparticle has been approximated as proportional to 1 jA. 
From equation 2.28 this holds true if the optical constants can be assumed to be inde

pendent of wavelength. However, for most metals, the real and imaginary components 

vary over the visible spectral region (Appendix A .2).
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Figure 2.15: Calculated spectral emissivity of a 5 nm radius gold, silver and aluminium nanopar
ticles.

2.5 Nanoparticle cooling mechanisms

Thus far we have considered the optical properties o f  a single nanoparticle at room 

tem perature. As part o f  this work, we studied the nanoparticle p lum e com ponen t of 

fem tosecond laser ablated metals. It has been shown previously that within a few m i

croseconds o f  the laser pulse hitting the target the nanoparticle tem perature will be in 

the region o f  1000-5000 K |5 8 , 59]. N anoparticles  in this tem perature range are liquid 

and emit a b lackbody-like radiation in the visible spectral region [19, 5 8 , 59 |.  It is im 

portant to consider the m echanism s by which the partic les cool as the tem perature o f  the 

particles m ay influence film growth in pulsed laser deposition. There  are three cooling 

m echanism s for nanopartic les in vacuum  to consider

1. Therm ionic  electron em ission

2. Evaporation

3. Optical radiation

I. T he rate o f  therm ionic (electron) em ission is given by the R ichardson-D ushm an 

form ula  modified due to the finite size o f  nanoparticles [60], The rate o f  energy change 

by therm ionic em ission is given by

Gold
Silver
Aluminium

C —  = -k{T,a)E„  
at

(2.29)



2 8 2 . 5 .  T h e o r y  -  N a n o p a r t i c l e  c o o l i n g  m e c h a n i s m s

where C, k{T,a) ,  E„ are the heat capacity of the particle, decay rate and activation 

energy.

E,  = l„ = Wf + - - ------  (2.30)
2 4n€()a

/„ is the «-th ionization potential. The activation energy of the first electron from the 

nanoparticle is equal to the work function, Wf.  When considering this process it is 

important to note that with the liberation of each electron the nanoparticle will become 

charged. From equation 2.30, the charging of the nanoparticle causes an increase in 

activation energy and hence lower the decay rate with each successive electron emitted. 

The decay rate, k{T,a) ,  based on the activation energy is given by ref. |6 1 ).

k(T ,a)
2ksT Q,

Ql
ib- e x p
■ih

knT
X (2.3i:

gq is the Bohr r a d i u s . ( 2 , / f c  are the vibrational partition functions of the particle 

before and after emission and Qsurf is given by

Qsurf = 2 m e r k B T I t r  (2.32)

where nie is the electron mass and Ti the Dirac constant. It is assumed that there is a 

negligible change in the vibrational partition function and hence, = 1-

Figure 2.16 shows the rate of temperature change during the emission of the P ',  2'"̂  

and 3'''  ̂ electron from a 5 nm gold nanoparticle as a function of temperature. There is 

a significant reduction in decay rate with each successive emission. Assuming that the 

majority of energy lost in electron emission is due to to the activation energy and not the 

kinetic energy of the emitted electron the temperature loss due to the first 4 electrons 

is s; 3 K. It has been shown previously that for the cooling of niobium and tungsten 

nanoparticles thermionic emission only results in a small temperature change, < 5 K [62, 

63]. While the change in temperature affects the decay rate, over the temperature range 

of interest thermionic emission will not result in an appreciable temperature change.
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Figure 2.16; Calculated decay rates for thermionic electron emission for a gold nanoparticle of 
radius 5 nm.

2. The power lost due to evaporation can be calculated as evaporation from  a bulk 

surface or evaporation from a small cluster which are described by the binding energy 

per atom and the evaporation rate

P e v .b iilk  ~  ^ ^ 'h ii lk  

P  e w N P  =

(2.33)

where Pev, e, Vhuik ^ind v ^ p  are the power lost due to evaporation, the binding energy per 

atom and the evaporation rate respectively. The bulk surface evaporation rate, given in 

re f [35] is defined by

V hulk -  A s
y J ln k s T s in

(2.34)

where Ts, m are the saturation vapour pressure, surface temperature and atomic 

mass respectively. The evaporation rate from a nanoparticle, given by Smirnov et al. 

163,64|.
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where A and n are the specific surface energy o f the cluster and number of atoms in 

the nanoparticle respectively. The reduced rate constant, ko = nr\. where r,, is the 

Wigner-Seitz radius. is the number density at the saturation vapour pressure and 

can be calculated from the saturation vapour pressure which is given by |35)

where L,, Tb are the latent heat o f vaporisation and the boiling point respectively. For 

these calculations the bulk values are used. One potential source o f error is the use of 

the bulk value for the material boiling point. It has been reported previously that, for 

nanoparticles, the melting temperature is lower than the bulk value, however, there is 

no information on whether this effect is also observed in the boiling point and therefore 

the bulk value is used [65]. Unlike thermionic emission the rate of evaporation is only 

weakly dependent on the number of previous events, therefore, even though in itially 

thermionic emission has a faster decay rate, evaporation has a greater influence on the 

cooling o f the nanoparticle. Figure 2.17 shows the rate o f temperature change versus 

temperature calculated for a bulk surface and for a 5 nm radius gold nanoparticle. Both 

methods agree within 5% and thus a nanoparticle o f this size can be approximated as a 

bulk surface and equation 2.34 is valid.

(2.36)

Smirnov cal 
Bulk

1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 
Temperature (K)

Figure 2.17: The rate of change of temperature due to evaporation from gold is calculated for a 
bulk surface and for a nanoparticle using formula described by Smirnov et al. [63,64|.
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3. The optical power radiated from a blackbody is described by the Stefan-Boltzmann 

equation. This equation assumes a wavelength-independent, single-valued emissivity. 

Figure 2.15 shows the emissivity for gold, silver and aluminium nanoparticles and this 

is clearly not the case. The spectral intensity emitted from a single nanoparticle is given 

by

Inhc"  1
/ (A,a)  = e(A,a) X — -̂-----    W  m “ nm sr (2.37)

A- _  I

where €(A, a) is the size and wavelength dependent nanoparticle emissivity. The power 

emitted by a nanoparticle and hence, the rate of temperature change is given by

C —  = - 4 n A , l  J{A,a)dA W (2.38)
df Jo

where is the particle surface area. The emissivity, e(A, a) is given by equation 2.28. 

Equation 2.38 simplifies to the Stefan-Boltzmann law if the emissivity is independent 

of wavelength. However, hg. 2.15 shows that that this is not the case and we must 

take into account the spectral dependence. Previously, Landstrom et al. approximated 

the emissivity of a tungsten nanoparticle as 6(A,a) = edA  [661. Solving the integral 

in equation 2.38, they derived a modified Stefan-Boltzmann equation for an emissivity 

with a 11A dependence.

C —  = -A se,cr's,{T  -  W  (2.39)
at

where cr'^g is the modified Stefan-Boltzmann constant, = 3i.M{kslhc)(TB. Tq is 

the ambient temperature. Figure 2.18 compares two methods of calculating the power 

radiated from a hot nanoparticle, (1) Modified Stefan-Boltzmann and (2) numerical in

tegration of a calculated blackbody curve.
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Figure 2.18: Calculated power radiated for a gold nanoparticle of radius 5 nm calculated using 
the different methods.

The value o f emissivity chosen for the modified Stefan-Boltzmann calculation was 0.1 at 

530 nm, this gives a value o f e,- =5.3 x 10“ *. As seen in fig. 2.15, the emissivity o f gold 

does not follow the \ j A  dependency and the choice o f emissivity w ill strongly affect 

the calculated cooling rate. As the nanoparticles cool the peak o f emission w ill shift 

from the visible to infra-red where gold has a greatly reduced emissivity. Therefore, 

in applying this method of calculating the cooling rate the appropriate choice o f e, is 

different at different temperatures.

mod. Stefan-Boltz 
num. int.



Chapter 3

Experimental methods

In this chapter, the main experim ental and analysis m ethods are described. A  general 

description o f  the experim ental setup is given. T he exact beam  profile, fluence, opti

cal delivery system are described in the relevant chap te r  specific to each experiment. 

We will focus on discussing the m ain characterisation m ethods used; time and space 

resolved em ission spectroscopy, L angm uir  ion probe analysis, optical absorption m ea

surem ents  and thin film depositions. O ther characterisation m ethods used, but not d is

cussed  in this chapter include; scanning transm ission electron m icroscopy (ST E M ) and 

intensified charge-coupled  device ( iCCD ) imaging.

3.1 Experiment setup

A b la t in g
l a s e r

xyz s t a g e

T a rg e t

L angm uir  

i on  p r o b e

Figure 3.1: Schematic diagram of a standard laser ablation chamber setup.

F igure 3.1 shows a d iagram  show ing a general laser ablation setup. T he laser beam  is 

focused  to an intensity above the dam age threshold  so that ablation is achieved. Typi

cally, the dam age threshold  for ablation o f  a copper target is, for fem tosecond ablation,

33
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a  0.1 Jem  ' and for nanosecond, a  0.6 Jem  ' [67 ,68|. The ablation depth is typically 

on the order of tens to hundreds of nanometers depending on the ablation conditions.

Laser ablation is usually carried out in vacuum, or low pressure background gas, in a 

vacuum chamber. The addition of background gas can be used to lower the ion energy 

distribution, or as a reactant for gas-phase chemistry. The Langmuir probe is usually 

positioned between 5-15 cm from the target. Its optimal size is dependent on the dis

tance and number of ions in the plume. The target is positioned on a translational stage 

(rotational or x-y rastering) to avoid drilling a pit into the target. Ablating the same point 

in the target creates a crater within which the plasma is formed. This crater acts to lat

erally confine the plasma and will change the shape of the plume expansion the greater 

the number of shots fired on the same position. Therefore, for conducting repeatable 

ablation events the target position has to be constantly adjusted.

3.1.1 Laser systems

The femtosecond laser system (Coherent Legend Elite) used for ablation consists of an 

oscillator (Coherent Micra), a pulse stretcher and a Ti-sapphire regenerative amplifier 

with pulse compressor. The exact specifications are summarised in table 4.1. The os

cillator produces a high repetition rate, low energy femtosecond pulses which is used 

to seed the regenerative amplifier. The regenerative system consists of a multi pass 

pulse stretcher, an optically pumped Ti:Sapphire amplifier and a pulse compressor. This 

outputs a 1 kHz, 130 fs, I mJ per laser pulse at 800 nm.

Table 3.1: Laser systems

Laser Wavelength Rep. rate Power Pulse duration
Micra (seed laser) 800 nm 80 MHz 0.5 W 130fs

Legend Elite (amplifier) 800 nm 1 kHz 1 W 130 fs

Temporal pulse shape measurement is usually carried out using a time resolved pho

todetector. However, fast photodiodes rise times are on the order of several picoseconds, 

much longer then the laser pulse length (130 fs). To solve this issue we use a commer

cially available auto-correlator (APE pulseCheck). This particular system allows pulse 

measurements in the range of 50 fs - 3.5 ps full width half maximum (FWHM). A sim

plified diagram indicating the main components of the auto-correlator is shown in fig. 

3.2. Firstly, a beam splitter (BS) splits the beam into two beam lines, one a fixed length 

line, and second, a variable delay line. The two beams are recombined on the second
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harmonic generation (SHG) crystal. The difference in the length o f each beam line re

sults in a different intensity profile in the crystal. The transmission through the SHG 

crystal is intensity dependent, which gives a different transmitted signal detected on the 

detector. The autocorrelation signal is given by

of the interferometer relative to the first. I ( t )  and I ( t  -  r )  are the beam intensity through 

the reference line and the beam intensity through the delay line respectively. Multiple 

shots are used with a variation in the delay line timing to build up a symmetrical trace 

related to the femtosecond laser pulse temporal width. In order to obtain the real pulse 

duration a temporal pulse shape must be assumed. Assuming a Gaussian pulse shape, 

the laser pulse length, Ti is equal to the ratio of the FWHM of the auto-correlation pulse, 

Tac divided by the Gaussian deconvolution factor, 1.41.

(3.1)

where is the auto-coirelation signal and r  is the delay applied to the second arm

T, =  T „ d \ A \ (3.2)

Delay drive

Aperture

Detector

I
Crystal

t
Input

Figure 3.2: Setup of auto-correlator.
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3.2 Spectrometer calibration

For the measurement of the spectral optical emission we use a Czerny-Turner spectro

graph (Oriel MS 260i) coupled with a time resolved iCCD camera. The optical config

uration of this spectrometer is shown in figure 3.3 which allows for spatial resolution 

along one axis. The spectrometer was equipped with 3 gratings, 1200, 600 and 300 

1/mm. The spectral resolution was determined by measuring the width of the 546 nm 

line produced by a low density mercury lamp and found, for the 300 1/mm grating, to be 

0.8 nm. The iCCD camera (Andor 334T) can be gated to a minimum of 2 ns, this can 

be incremented in steps of 1 ns.

By using a source of known spectral intensity the spectral radiance of the plasma can 

be calculated from the number of counts recorded by the spectrometer iCCD camera. 

The number of counts recorded by a pixel depends on the M CP gain, gate time and the 

responsivity of the iCCD at a given wavelength. The counts measured from the plasma 

plume can be calibrated by imaging a known spectral irradiance through the optical 

system. A 100 W tungsten lamp, which produces a known spectral irradiance when 

placed 50 cm from the imaging plane was imaged through the optical system onto the 

spectrometer slit. This allows us to define a function F{A) that accounts for all losses 

that occur due to the light collection optics. F{A) can be found from the number of 

counts, Cl detected by the iCCD when the lamp is imaged through the optical system, 

shown in figure 3.4 and is given by the equation

ENTI

Figure 3.3: Optical setup of Oriel MS260i.
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Figure 3.4: Counts recorded from the tungsten halogen lamp in the visible spectral region with 
camera settings of; gate time of 50 [,is, gain of 3500 and 10 acquisitions.

C tU )  = (3.3)

where n ^ \  and A// are the number o f number o f pixels binned , the number of 

acquisitions and the gate width used to record the lamp spectral irradiance. The solid 

angle o f the lamp emission at the plasma position is less then the solid angle o f the 

optical collection system. Therefore, there is no light lost due to the geometry o f the 

optical system when recording the lamp counts, Ci(A). IdA)  is the calculated lamp 

spectral irradiance, shown in figure 3.5.

q  2nhc^ 1 9  I
 --------------  W m - ^ n m '  (3.4)

A '  g  .IkT — 1

The fitting constant, Afu = 7.64 x 10^^ and the lamp temperature, T = 3317.8 K. The 

counts measured from the plasma optical emission can be given by the relation

Cp{A) = F{A)Lp{A)Q.nfn' ’p^Atp (3.5)



38 3 .2 . E x p e r im e n t a l  m e t h o d s  -  S p e c t r o m e t e r  c a l ib r a t io n

^  10'^
I

E

I

E
10' ^

0) 
o
ro 10'"

'- o
CD

• -  10'^
Q-
E
^  R

- I  1 0 ‘®
200 300 400 500 600 700 800 900 1000 

Wavelength (nm)

Figure 3.5: Irradiance at 50 cm from the quartz tungsten halogen calibration lamp.

where , Atp and Lp{A) are the number o f number o f pixels binned, the number of

acquisitions, the gate width used to record the plasma spectral irradiance and the plasma 

spectral radiance. is the solid angle o f the optical collection system. Comparing 

equations 3.3 and 3.5 we can derive a relation to give the spectral radiance o f the plasma.

Lp(A) = -------------— —---------  W m nm sr (3.6)
C,XA)np‘'n^p"AtpQ.
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ICCDr
Figure 3.6: Spectrometer optical imaging system setup.

Figure 3.6 shows a typical optical imaging system. The plasma plume was imaged onto 

the spectrometer slit using a 30 cm planoconvex lens with a magnification o f 0.93. The
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slit d im ensions were 50|.im x  3 m m  giving a m ax im um  object size o f  3.2 mm. The 

m ax im um  angle at which the light em itted from  the p lasm a and would be collected and 

delivered by the optical system was calculated and the solid angle, was found to be 

1.27 X 10^^ sr. The optical system  described was used to characterise early nanosecond 

spectral em ission (A ppendix  A. 1).

Diode

Laser

Spectrom eter

Figure 3.7: Simplified diagram showing the spectrometer and diode optical emission measure
ments.

In order to verify the validity o f  the spectral intensity calibration method, an alternative 

approach  was used. F igure 3.7 shows a simplified d iagram  o f  the spectrom eter optical 

im aging  system. T he system was aligned so that the optical axis was along the normal 

o f  the target. This  results in the laser spot directly im aged  onto the slit and a spatially 

a un ifo rm  region o f  em ission was observed. A  rem ovable mirror was installed in the 

system  to facilitate the positioning o f  a photodiode at the image plane o f  the p lasm a 

em ission. T he calibrated  T horlabs photodiode (TD COO l) has a 1 ns rise time, to provide 

tem poral resolution, and biased with a 12 V battery so that there is a linear relationship 

betw een  light irradiance and output voltage.

U sing  a band-pass  filter (532 nm, F W H M  40  nm) we can experim entally  m easure the 

intensity o f  the lam p in the pass region and com pare  with the absolute intensity ca li

bra ted  spectra in fig. 3.8. The re lationship betw een the output voltage o f  the photodiode 

and the pow er incident on the diode is given by
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Figure 3.8: Calibrated silver spectral emission recorded during the first 10 ns o f optical emis
sion. The plume was formed using an 8 ns Nd:YAG with a fluence o f 4 J cm“ .̂

V = P x  R(A) X  Rload (3.7)

where P is the incident power, is the responsivity in A W  ‘ and Rfoad is the load 

resistor (5 0 ii) . The in-hand plasma radiance is given by

TO. A /?(/!) Rioad
W m ‘  nm ' sr ' (3.8)

where A is the diode area (1 mm diameter circular active area), Q. is the solid angle 

and AApass the filter band-pass (40 nm). The spectrometer calibration takes into account 

the transmission o f the optical system as it relates the theoretical output o f the tungsten 

lamp and the number o f counts detected by the CCD camera. The reflectivity o f each 

mirror and the transmission o f the band-pass filter and lenses at 520 nm is aO.87. There 

are 5 mirrors and lenses in the system therefore the total transmission o f the system, T 

^  0.87-\

Figure 3.9 shows the photodiode signal calibrated for plasma intensity using equation 

3.8. The plasma spectral radiance during the first 10 ns o f emission was found, using the 

photodiode to be 6.9 W cm“  ̂ nm“ ' sr“ ‘ . From figure 3.8 above, the spectral radiance at 

520 nm measured using the emission spectrometer is 8.25 W cm”  ̂nm“ ' sr“ '.
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F igu re  3.9: Absolutely calibrated photodiode signal o f  silver plasma optical emission in the 
spectral range between 500 - 540 nm.

3.3 Langmuir probe

L a n g m u ir  p ro b e s  are  o n e  o f  the  o ldes t ,  yet e tt’ec tive ,  m e th o d s  o f  c h a ra c te r is in g  la b o ra 

tory  p la s m a  p lu m e s  in v a c u u m  o r  low  p re ssu re  b a c k g ro u n d  gas. T h e  L a n g m u ir  p ro b e  

can  be  u sed  to  m e a su re  a n u m b e r  o f  the p la s m a  p ro p e r t ie s  inc lu d in g ;  the  ion and  e lec tro n  

density ,  e le c t ro n  te m p e ra tu re ,  ion  ve lo c i ty  an d  ion k in e t ic  e n e rg y  [69]. It is a re la tive ly  

c h e a p  d ia g n o s t ic  m e th o d ,  but it is invasive, in the  sen se  that it n eed s  to be p la c e d  in the 

p la sm a . T h e  p ro b e  w as  d e v e lo p e d  by  L a n g m u ir  and  its use  as  a d ia g n o s t ic  in f low ing  

p la sm a s  w as  d ev e lo p e d  by  K o o p m a n  u s ing  a s im p ly  b ia s in g  c ircu i t  [70 ,71  ]. T h e  p ro b e  

c o n s is ts  o f  a sm all  c o n d u c t in g  e lec tro d e ,  typ ica l ly  a m eta l  w ire  is used . F o r  th is  w ork  

w e  use  a m e ta l  p la n a r  p la te ,  w ith  in su la t in g  b ack  a n d  s ide  su rfaces ,  p la c e d  in the  path  

o f  the e x p a n d in g  p la s m a  p lu m e .  A  sm all  b ia s in g  c ircu it ,  sh o w n  in figure  3 .10 , is u sed  

to  p ro d u c e  an e lec tr ic  field at the  p ro b e  surface . T w o  c o n d i t io n s  m u s t  be  sa tis f ied  w h e n  

d e c id in g  on  the c o m p o n e n ts  fo r  the b ia s in g  c ircu it .

1. T h e  total c h a rg e  c o l le c te d  b y  the p ro b e  m u st  be m u c h  less th an  the  s to red  ch a rg e  

in the  cap ac i to r ,  C\ .

2. T h e  vo l tag e  d ro p  m e a s u re d  o v e r  the  load  re s is to r  m u s t  be  m u c h  less than  the 

b ia s in g  vo l tag e  (V i)  ap p l ied  to  the  p robe .

T h e  p ro b e  can  be  b ia sed  pos i t ive ly  o r  negatively . D u e  to the q u as i-n eu tra l  na tu re  o f  the  

p la s m a  the  p ro b e  b ia s  will o n ly  in f luence  c h a rg e d  pa r t ic le s  w ith in  a few  D e b y e  len g th s  

f ro m  its su rface . T h is  reg io n  is c a l led  the p ro b e  sh ea th .  To d e tec t  ions, the  p ro b e  v o l tag e
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Figure 3.10: Langmuir probe bias circuit diagram.

is biased negatively. With a high enough negative bias (typically » - 1 5  V) the recorded 

ion current will saturate when electrons with the highest energy are prevented from 

reaching the probe. The ion current becom es independent o f the applied voltage and is 

given by

/  =  riieAvi (3.9)

where A is the probe area, n, is the ion density and v, is the ion velocity, which is 

calculated by assum ing the plasm a expands at a constant velocity and hence can be 

inferred from the probe signal.

0.25

"  50.20

0.15

§ 0,10

0.05

0.00
30

Tim e (jjs) T im e (^Js)

(a) Ion current (b) Ion density

Figure 3.11: (a) Langmuir ion probe signal of silver measured at 10.5 cm from the target, and 
(b) corresponding ion density profile. The plume was formed using a fluence of 4 Jcm^^ from a 
1064 nm, 8 ns Nd:YAG.
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Figure 3.11 shows an example probe signal and derived ion density for ablated silver 

in vacuum recorded at 10.5 cm from the target. The silver target was irradiated with a 

1064 nm, 8 ns pulse with an incident fluence of 4 J cm “‘ . The velocity and ion energy 

distributions can be calculated from the probe signals by [46]

d N
dv Aed

(3.10)

d E  Amed~

where m is the ion mass and d  is the probe-target distance. The plasma undergoes an 

initial acceleration phase, after which, it then expands at constant velocity. The plume 

velocity can be inferred as v = x j t ,  and E  = \ j lm v - .  An example velocity and energy 

distribution is shown in 3.12. The average ion energy can then be found from the ion 

energy distribution using the following equation

{E) = (3.12)

7
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E
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(a) Velocity distribution
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(b) Energy distribution

Figure 3.12: Velocity and ion energy distributions calculated from the ion probe signal given in 
tig. 3.11.

The average ion energy is an important factor in PLD, if sufficiently high ion energies are 

present it can lead to a significant amount of sputtering of the material newly deposited
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Figure 3.13: (a) Diagram typical rotational probe geometry and (b) Angular variation of ion 
yield for the same ablation conditions as in fig. 3.11.

on the substrate and cause damage to the substrate itself. The total ion yield in the plume 

can be calculated from the angular dependence of the ion yield, given in Hg. 3.13

2nd-F(0)
N  = --------- —  (3.13)

where N, F(0)  are the total ion yield and ion fluence normal to the target. The plume 

shape is described by the aspect ratios k^. and ky. in the x-z and y-z planes. The shape 

of the plume expansion is related to the plasma initial dimensions, Xq, Ko iirid Zq. Xo 

and Vq can be approximated as having the same dimensions as the ablation crater. The 

initial thickness of the plume normal to the target surface, Zq, is the thickness of the 

plasma at the end of the laser pulse which can be approximated as the product of the 

sound velocity and the laser pulse length.

3.4 Nanoparticle optical absorption

As discussed in section 2.1, the nanoparticle plume consists of a hot nanoparticle en

semble with a polydisperse size range. Currently, the main diagnostic methods used to 

characterise nanoparticle plumes are thin film depositions and emission spectroscopy. 

However it is advantageous to apply time resolved single wavelength absorption m ea

surements. Unlike in the case of emission, nanoparticle absorption is weakly dependent 

on the plume temperature and is not reliant on the nanoparticles been sufficiently hot to 

produce observable emission.
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Figure 3.14: Simplified diagram for time-resolved single-wavelength optical absorption mea
surements.

The probe beam was a 532 nm, 3 mW continuous wave laser with a diameter of 1 mm. 

The beam was expanded to 6 mm using a 30 cm and 5 cm focal length lenses (not shown 

on diagram), arranged so that the resultant beam was collimated. The laser beam was 

then focused using a 30 cm lens, LI, with the plasma plane at the focus of the lens. As 

the laser travels through the plasma, it will see a refractive index variation perpendicular 

to the target surface axis due to density variation within the plume which will cause a 

small deflection of the probe beam. Measurements of the beam deflection and its use 

of a method to characterise laser ablation plasma plume expansion has been carried out 

previously by numerous authors [72-74|. The output optical system has been designed 

so that the first collection lens, L2, will collimate the probe laser beam. As long as the 

deflected probe beatn is collected by the lens entrance aperture the output beam will exit 

parallel to the optical axis. The photodiode is positioned at the focus of the lens L3 to 

ensure all the incident beam is collected by the photodiode and any spatial deflection in 

the probe beam position will result on the ray been focused on the same position on the 

photodiode. This imaging system ensures that as long as the beam is collected by LI 
any loss of signal detected on the photodiode is due to absorption or scattering of the 

laser pulse and not caused by a change in position of the laser spot on the photodiode.
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Figure 3.15: Knife edge measurement of probe beam radius at plume position. Fitted with 
equation 3.14 to give a l/e“ diameter of 50 |.im.

To characterise the size of the probe beam  at the plume position, the knife-edge m ethod 

was used to determ ine the spot size. This is advantageous over using a CCD cam era due 

to the small beam waist and the finite pixel size of the CCD. A sharp edge was placed 

on a translational stage at the plume position and translated through the probe beam. As 

the stage was translated the transm itted beam  intensity was measured. The radius of the 

probe beam can be calculated froin the variation in voltage m easured on the photodiode, 

shown in figure 3.15 by

where V(.v), V,„ax, h’o are the voltage, max voltage and l/e “ beam diam eter where e is 

Euler’s number. The beam waist was found to be vvq = 50 |.im.

The transm ission of a laser as it travels through an absorbing medium is described by 

the Beer-Lam bert law. From this, the plum e transm ission can be related to the amount 

of material by it’s densityxlength product, nL

where n is the nanoparticle density, L  is the width o f the plume at the probe beam  posi

tion and Cext is the extinction cross-section. The target-probe beam distance was varied 

to provide spatial resolution and m easure the NP plume velocity. Figure 3.16 shows 

the transm ission through a gold nanoparticle plume, recorded with a target substrate

(3.14)

~ln T
nL{t)  = (3.15)

ext



3 . 4 .  E x p e r i m e n t a l  m e t h o d s  -  N a n o p a r t i c l e  o p t i c a l  a b s o r p t i o n 4 7

distance of 100 |.im. In the case of gold we observe two peaks, the num ber o f  observed 

peaks is material and distance dependent.

1.00

0.95
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i  0.90 -
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E(/)
^ 0.85 f
L_
H

0.80

0.75

Time (^s)

F'igure 3.16: Variation in plume transmission versus time at 100 [.im from a femtosecond laser 
ablated gold target.

T he length o f  the p lum e through which the p lum e propagates, L{t) is time dependent, 

as the p lum e expands the density  is reduced  but L( T)  increases and therefore cannot d i

rectly extract a value o f  n„p w ithout know ing inform ation on the shape of the expansion. 

T he extinction cross-section, Cp„, is equal to the sum  of the absorption and scattering 

cross-sections. From  equation 2.26, the extinction cross-section  for a 5 nm gold  particle 

is 7.6 X 10 '* m ' .  A pply ing  equation 3.15 to the data presented  in fig. 3.16 we obtain 

the time dependent variation o f  the densityx leng th  product, shown in fig. 3.17.

o
0.8

0.6
Q.

0,2

0.0

Time (ps)

Figure 3.17: Variation in densityxlength product versus time at 100 ^m from a femtosecond 
laser ablated gold target.



4 8 3 . 5 .  E x p e r i m e n t a l  m e t h o d s  -  F i l m  t h i c k n e s s  e s t i m a t i o n

3.5 Film thickness estimation

To study the angular distribution and total amount of ablated material the ablation plume 

was deposited on a large planar acetate substrate. From this, the deposited film thickness 

distribution can be obtained (see fig. 3.18). The space resolved optical transmission 

of the film was measured using a calibrated flat bed scanner (Epson Perfection V700 

Photo). A large number of shots were used so that the initially formed nanoparticles 

coalesced into a thin film so that the transmission through the substrate can be approx

imated by the bulk optical properties of the material. This was verified using UV-Vis 

measurements and comparing the shape of the absorption with bulk absorptivity data.

D istance (cm)

Figure 3.18: A ngular deposition o f  gold fem tosecond ablation plum e. D eposited with a target- 
substrate distance o f 6 cm and 12,500 laser shots.

Figure 3.19 shows the formalism used in the analysis of the depositions. The scanner 

was used to measure the transmission of the coated substrate, Tj ,  and the transmission 

through the bare substrate, Tg- The substrate is assumed to be non absorbing and the 

transmission loss through the substrate is due to the reflection at each interface, T b 

where Tq = T^.  The total transmission was normalised to the transmission through the 

bare substrate

Tj Tb Tf
(3.16)

The scanned image measures the transmission in three components. Red (R), green 

(G) and blue (B). The green component is extracted using an algorithm developed in 

Python. A calibration curve was measured using neutral density filters to relate the 

scanner counts to transmission at s;520 nm, Tj ,  shown in fig. 3.20.
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Tf Tt Tb Tg

Substrate

Figure 3.19: Schematic of a coated substrate. In this figure the formalism for the deposition 
analysis indicated.

100
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Figure 3.20: Calibration curve to convert from scanner signal to transmission through the sub
strate, T  f.

A computer program, IMD/XOP, using bulk optical properties, was used to calculate the 

optical properties of a thin metal film to generate a normalised thickness-transmission 

relation, T,  shown in fig. 3.21. Using this data to calibrate 2D scanner images of 

the deposition results in a 2D thickness distribution map, from which the shape of the 

deposition and by integrating, the total amount of material can be estimated.
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Figure 3.21: Calculated film thickness for gold versus scanner transmission.

3.6 White light interferometry

White Hght interferometry (WLI) is a non-contact optical surface protiHng method. It 

generates a 3D surface map which is ideal for ablation crater analysis. It offers nanoscale 

depth resolution. Multiple laser pulses are used to generate a crater with depth on the 

micrometer range in order to get an accurate, average value for the amount of material 

ablated per pulse. In order to achieve this level of accuracy W LI interferes two waves, 

one whose light path is through a reference arm of the WLI and the second which is 

reflected back off the sample. The depth can be accurately determined by the phase 

difference between the two wave fronts when recombined on the detector. This is the 

basic principle on which most interferometers work. An example W LI image is shown 

in fig. 3.22. The crater was formed by ablating gold with an 800 nm, 130 fs laser with a 

peak fluence of 1.6 J cm^“.
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Figure 3.22: Gold ablation crater image recorded using white light interferometry. Crater depth 
is given in per laser shot.
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Chapter 4

Femtosecond laser ablation and 
deposition

This thesis focuses on characterising  fem tosecond  laser ablated material. To achieve this 

a num ber o f  d iagnostic  m ethods have been em ployed  to perform  a detailed charac teri

sation o f  the ablated material. This chapter  will consider the experim ental parameters, 

the material rem oved during ablation and the nature o f  material deposited  on substrates. 

Initially, we will d iscuss the experim ental and diagnostic setups that were designed to 

study the ablation p lum es d iscussed in the next few chapters. O ur discussion is fo

cused on four materials; gold, silver, a lum inium  and tin. W hite  light interferometry, 

d iscussed in section 3.6, was used to quantify the am ount o f  material ablated and the 

ablation cra ter  d im ensions. T he ablation crater d im ensions facilitate an estim ation of 

the initial p lum e d im ensions which serves as a good starting point for m odelling  the 

hydrodynam ic p lum e expansion. In later chapters, for characterising  each p lum e c o m 

ponent em ission  and absorption techniques were em ployed. T he analysis o f  which was 

expanded  beyond current descrip tions by accounting for the nanoparticle tem perature 

dependent emissivity. In this work we assum e a small average particle size such that 

the Rayleigh approxim ation  to M ie theory is applicable. T he validity o f  this will be 

d iscussed by m easuring  the nanoparticle size using electron microscopy.

Figure 4.1 shows the configuration o f  the various diagnostic m ethods setup specifically 

for the work conta ined  in this thesis. IC C D  and time- and space- resolved emission spec

troscopy were recorded  parallel to the target surface, with the axis o f  p lasm a flow im 

aged onto  the spec trom eter slit. A 532 nm, 3.5 m W  continuous wave diode laser, aligned 

parallel to the target surface was used for time resolved single w avelength absorption o f  

the nanoparticle  plum e. The L angm uir  ion probe, with d im ensions of 2 .1x4 .5  m m  was 

positioned at 3 cm  from  the target and rotated about the laser spot.

53
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Transparent substrate

fs laser

Langmuir ion probe

Ablation plume
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Ablation target

532  nm CW probe  laser

Figure 4.1: Experim ental setup showing configuration o f diagnostic techniques.

f = lO cm
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= 12.5cm

18.9cm

Mirror Spectrom eter

Figure 4.2: Schem atic diagram  show ing the spectrom eter im aging system.

Figure 4.2 shows a simplified diagram  of the spectrom eter and its optical im aging sys

tem. Unlike the setup described in section 3.2, two achrom atic lenses were used in this 

imaging system. Achromatic lenses lim it the effect o f chrom atic aberration. The plume 

was im aged onto the spectrom eter slit with a m agnification of 0.51. The acceptance 

solid angle o f the im aging system was calculated and found to be 3.4 x  10“  ̂ sr. The 

spatial dim ension was calibrated by im aging a wire mesh o f known dim ensions placed



4 .0 .  F e m t o s e c o n d  l a s e r  a b l a t io n  a n d  d e p o s it io n 5 5

at the plume position onto the spectrometer and found to be 56.8 px/mm. The spatial 

resolution o f the system was determined by taking a line profile across the edge of the 

image of the wire and found to be «65 |.im. The spectral resolution of the spectrometer, 

equipped with a 300 1/mm grating, was measured using a low density mercury lamp 

and found to be 0.8 nm at a wavelength o f 436 nm to give a resolving power, /I/A /I = 

550. M ultiple grating positions were used to cover a wide spectral range. ICCD and 

spectroscopy images were background corrected so that only plume emission was taken 

into account.

The ablating laser beam was focused using a 30 cm biconvex lens with a lens-target 

distance o f 26 cm. The beam profile on the target, shown in fig. 4.3, was recorded using 

a Coherent LaserCam-HR camera. In order to reduce the intensity o f the laser beam 

incident on the camera while ensuring the spatial profile remained unchanged two glass 

wedges were used. The beam profile along its shortest and longest axis was fitted with 

a Gaussian (fig. 4.3b). The focused spot was found to be slightly elliptical with l/e“ 

diameter o f 360 and 330 |.im. The energy incident on the target was 0.55 mJ producing 

a peak fluence o f 1.6 J cm"“ .
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Figure 4.3: CCD image of of laser pulse spatial profile and (b) 1-D line out showing fluence 
spatial distribution at target position.
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4.1 Crater analysis

The ablation spot was analysed using white light interferometry to determine the initial 

shape of the plasma and to estimate total material removed. An ablation crater was 

produced by stopping the target translation stage and firing the laser pulse at the same 

position on the target. Figure 4.4a shows the ablation crater for gold generated using 

50 laser shots. The crater was slightly elliptical with dimensions of 180 x  220|.im. The 

total number of atoms ablated per pulse was 7.4 x  lO'"* (2.5 x  10“ "  kg). As shown in 

fig. 4.4, this method was repeated for silver, aluminium and tin with 100, 100 and 50 

laser shots respectively. The number of atoms ablated per pulse and crater dimensions 

are given in table 4.1. For each material, two craters were formed to estimate the error 

in this measurement and found to be <10%. In fig. 4.4d, the ablation crater of tin is 

distinctively different than the rest of the materials. This has been observed previously 

and is possibly due to the low melting point of tin.

Table 4.1: White light interferometry analysis o f  ablation craters for gold, silver, aluminium and 
tin.

Gold Silver Aluminium Tin
Atoms ablated 
Mass ablated 

Crater dimensions

7.4 x  10" 
2.5 X 10“ "  k g  

18 0 x  220 nm

3.9 X 10"
6 .6  X 1 0 - ' - k g
140 X 170|.tm

6.4 X 10" 
2.9 X 10"'“ k g  

200 X 260 |.im

1.2 X 10'^ 
2.36 X 10 "  k g  

290 X 370 nm
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Figure 4.4: White light interferometry analysis of ablation craters made in; (a) gold, (b) silver, 
(c) aluminium and (d) tin. Crater depth (in nm) shown per laser pulse.
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4.2 STEM depositions

The nanoparticle size plays an important role in its optical response. If a nanoparticle 

satisfies the size parameter such that 2na «  A the Rayleigh approximation to Mie the

ory can be applied, the absorption and scattering cross-sections of a nanoparticle are 

given by equations 2.26 and 2.27. As Cabs and Cscatr the nanoparticle size 

determines the dominant extinction mechanism. In order to measure the nanoparticle 

size distribution, depositions were carried out on a carbon coated transmission electron 

microscope (TEM) grid. The grid was placed in the chamber at 6 cm from the tar

get. A low number of shots (600) were used to ensure the particles on the grid were 

well separated with a low probability of overlap. The nanoparticles were imaged with a 

scanning transmission electron microscope (STEM). Post processing analysis was car

ried out using statistical counting to obtain the size distribution. Figure 4.5 a, c, e, g 

shows the depositions of gold, silver, aluminium and tin respectively. For each material 

the nanoparticles are well separated. The corresponding size distribution for each mate

rial are also shown in fig. 4.5 fitted with a log-normal distribution. The average particle 

Feret diameter was between 9.5 nm for gold and tin to 16 nm for aluminium. The Feret 

diameter is defined as the width of a particle measured along its widest dimension. For 

particles of this size, as discussed in section 2.4, absorption is the dominant extinction 

mechanism.



4 .2 . F e m t o s e c o n d  l a s e r  a b l a t io n  a n d  d e p o s it io n  -  S T E M  d e p o s it io n s 59
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Figure 4.5: STEM images a, c, e, g and corresponding Feret diameter distributions b, d, f, h o f 
gold, silver, aluminium and tin nanoparticle films produced using 600 laser shots, [cr is the Feret 
diameter standard deviation.
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4.3 Angular distribution of deposition
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Figure 4.6: Depositions of a. gold ( 12.500 shots), b. silver ( 12,500 shots), c. aluminium ( 10,000 
shots), and d. tin (5,000 shots) on planar substrates and analysed as described in section 3.5.

Large area depositions provide a m easure o f the total amount of material deposited. The 

film thickness was chosen such that the transm ission through the film was appreciable, 

but not opaque. The film should be thick enough so that a continuous film is formed 

so that the film exhibits bulk optical properties. The transm ission through the film was 

m easured in the green spectral region (a  515 nm). The calibration procedure to estimate 

the thickness of the film as a function o f transm ission and calculate the total amount of 

m aterial is described in more detail in section 3.5. Figure 4.6 shows the spatial variation 

o f the thickness distribution for each material. Integrating over the total deposition the 

total num ber o f atom s deposited was found, for gold, to be 3.7x 10'^ per pulse. The 

total deposited material for each metal is listed in table 4.2.
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4.4 Conclusions

To characterise each plume component in detail, we designed the experimental setup to 

be composed of multiple diagnostic methods which we introduced in this chapter. The 

laser beam profile at the target position was accurately measured using a CCD based 

beam profiler. From this, the peak fluence was found to be 1.6 J c m ““.

Low shot number depositions on carbon coated TEM  grids were used to estimate the 

size of nanoparticles produced in the ablation of each material. Each material had a 

mean Feret diameter below 20 nm. In this size regime, the Rayleigh approximation to 

Mie theory applies and the absorption and scattering cross-sections of the particles are 

described by equations 2.26 and 2.27.

Table 4.2: Material inventory for fs ablation of different materials.

Gold Silver Aluminium Tin
Atoms ablated 7.4 X 10'^ 3.9 X 1 0 " 6.4 X 10’’ 1.2 X 10'^

Atoms deposited 3.7 X 10'-^ 5.7 X 10'-^ 1.4 X 10'^ 6.7 X 10'^

Table 4.2 shows the variation in material ablated and deposited for each material. There 

is a discrepancy in the case of silver, which implies that more material is deposited 

than ablated. The thick depositions were analysed using UV-Vis spectrophotometry and 

no surface plasmon resonance peak was detected. We are assuming for the calibration 

procedure that the film is continuous and can be treated as a bulk film. For thick deposi

tions, using nanosecond laser ablation, a thin, uniform film can be formed. It is unclear 

whether this is the case for thick films produced by femtosecond laser ablation. This is 

outside the scope of this work, however, it does warrant further investigation. Figure 4.6 

shows the variation of thickness distribution. Towards the edge of the film we see the 

estimated film thickness decrease below 5 nm. Previous studies have shown that films 

of this thickness are not continuous and exhibit nanoparticle optical properties [75]. 

Therefore, it is possibly that surface plasmon effects will cause an over estimation of 

the amount of material towards the edge of the depositions.





Chapter 5

Femtosecond atomic plume

In this chapter we will focus on the properties of the atomic plume produced by fem

tosecond laser ablation of metals. There have been numerous studies focused on differ

ent aspects of the atomic plume [18,75,76], Toftmann et al. compared silver ablation 

plumes produced with UV femtosecond and nanosecond lasers [76|. Their work de

scribes the use of angular Langmuir probe and deposition measurements to characterise 

the ablated material. Consistent with our work, their Langmuir ion probe measurements 

show a fast contamination peak which they analyse using an ion energy analyser to show 

that it is due to hydrogen and carbon/oxygen. The resolution of their system was such 

that they were unable to distinguish between carbon and oxygen atoms. They found that 

the energy efhciency of fs laser ablation is %10 times higher than ns ablation. Amoruso 

et al. studied the femtosecond laser ablation of nickel and compared with molecular 

dynamic simulations 118]. They primarily used time- and space- resolved spectroscopy 

and iCCD imaging for their study. From this, they clearly resolved two plume compo

nents, the origin of which is described in more detail in section 3.4. They verify the state 

of the material in each plume component using spectroscopy, which, for the fast com 

ponent shows discrete line emission characteristic of atomic bound-bound electronic 

transitions. By comparing with molecular dynamic simulations they were able to study 

the thermodynamic trajectories the material undergoes at different depths within the tar

get responsible for the formation of the two distinct plumes components. It is also worth 

noting that, as has been reported previously, femtosecond laser ablated material has a 

much lower ion fraction than for nanosecond ablation due to the absence of laser-plume 

interactions. Mirza et. al. showed that for the ablation of silver, the nanosecond plume 

is nearly fully ionized while for femtosecond ablation the ion fraction is «  1% [75].

For our study, we aim to combine multiple diagnostic techniques to give a detailed de

scription of the plasma plume. A detailed description of the setup is given in chapter 

4. A rotational Langmuir ion probe was used to measure the angular distribution of 

ions, ion yield of the ablated material, and the ion energy and velocity distributions.
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The shape and constituents of the plume will be be studied using iCCD imaging and 

time- and space- resolved spectroscopy measurements. A detailed analysis of the silver 

atomic plume will be presented by modelling the emission spectra using the spectral 

synthesis code PrismSPECT. From this, we can estimate the plume temperature, thick

ness and density. It also allows us to output the plasma ion fraction and atomic level 

populations. Combining this analysis with plume shape information measured from 

iCCD images we devised a method to estimate the total amount of atoms in the plasma 

plume. The electron density will be independently studied using using Stark broadening 

measurements.

5.1 Langmuir ion probe

The ionic component of the fast, plasma plume was characterised using a Langmuir ion 

probe, biased at -25V, as described in more detail in section 3.3. Figure 5.1 shows gold 

ion signals as a function of angle recorded for the experimental conditions described 

in chapter 4. We observe the expected decrease in the ion signal and increase in peak 

time of flight versus angle, as observed by Toftmann et al. |76], Doggett et al. [46] and 

described by the Anisimov model [20,21]. We observe two components, an initial fast 

peak and a slower main component. By ablating the same point on the target at 1 Hz, the 

contamination peak amplitude reduced to a minimum value of approximately 10% of the 

main peak amplitude. The ratio between the component intensities changes with angle 

as a result of  each component having a different aspect ratio. The exact composition of 

the fast peak has yet to be determined but it has been suggested that it is due to low Z 

contamination of the target surface [47]. This could be verified by a short experiment 

and would be of interest for future work using an electrostatic analyser to measure the 

charge to mass ratio, and hence determine the species in the plume. The ion fluence at 

a given angle was found by integrating the ion flux in time. The initial contamination 

peak was discarded and the ion flux was integrated under the main plume component 

shown in fig. 5.1a. The plume aspect ratio, k, can be found by fitted the angular ion 

fluence with

where F(0) is the ion fluence normal to the target. The total number of ions in the plasma 

was calculated using equation 3.13. For gold, the total number of ions was 4 x 10"

(5.1)
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± 1 5 % . Figure 5.2 shows the ion signals and  corresponding  ion angular distributions 

for alu ininium , silver and tin. In each case, the peak o f  the fitting angular ion fluence 

d istribution was positioned at 0  degrees to account for any m isalignm ent o f  the probe 

to the laser spot. From  this, the total num ber o f  ions for silver, a lum in ium  and tin was 

found  to be 7.5 X 1 0 " ,  4 x  10"  and 3 x  10"  respectively.
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Figure 5 .1 : Langmuir ion probe analysis of femtosecond gold atomic plume, with a target-probe 
distance of 3 cm. (a) The variation of ion signal at different angles and (b) integrated ion yield 
versus angle.

F rom  the m easured  ion time o f  flight signals, the ion energy distributions were derived 

using equation 3.11 and are shown in fig. 5.3. The average ion energy for each material 

is indicated on their respective graphs and it can be seen that the ion energies range up 

to a few hundred eV.
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Figure 5.2: Comparison of ion probe time of flight signals and ion angular distributions for 
(a)-(b) aluminium, (c)-(d) silver and (e)-(f) tin.
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Using equation 3.10, the ion velocity distributions were calculated from the probe sig

nals. The velocity distribution for each material are compared in fig. 5.4. As expected, 

the lighter elements have a higher velocity, detailed in table 5.1.

For each material a Langmuir probe study was conducted at late times and no evidence 

of charged nanoparticles was observed.

Table 5.1: Ion plume parameters for various materials.

Material Aspect ratio ( k^z) Total ions 
x lO "  atoms

Avg. ion energy 
eV

Avg. velocity 
xlO^ cm s~'

Gold 4.3 4 ± 6 73 0.92
Silver 4.4 7.5 ± 1.1 83 1.2

Aluminium 6.6 4.0 + 0.4 75 2.3
Tin 5.6 3.0 ± 0 .5 63 1

5.2 ICCD imaging

Figure 5.5 shows some examples of time-resolved iCCD images for gold at different 

time delays. Each plume component can be seen to expand in a forward directed expan

sion. The position of maximum emission of the plasma plume can be seen to disconnect 

from the target and propagate away. The nanoparticle plume remains connected to the 

target with its peak emission remaining close, but not at the target surface. The Anisi

mov model predicts the maximum particle density located at the target surface. Doggett 

et. al. has shown previously that for a nanosecond la.ser ablated silver target, the atomic 

plume produced undergoes an Anisimov-like expansion [46].

Figure 5.6 shows lineouts of some of the images in fig. 5.5, taken along the central 

axis of the plume in the z-direction. Early in time, at 50 ns and 100 ns, we see both 

plume components clearly resolved and separated in space. The atomic plume has a 

smaller aspect ratio and a much higher velocity (shown in fig. 5.6b). Therefore, its 

signal reduces at a much faster rate; beyond 500 ns the atomic plume is no longer 

observable. Figure 5.6a shows the velocity fit for the atomic plume front which has a 

velocity of (0.80 + 0.03) x  10  ̂cm s" ',  the nanoparticle plume front is approximately 50 

times slower with a velocity of (1.5 ± 0.1) x  10"̂  cm s“ ' . The plume front position was 

approximated as the point at which the counts are 10% of their peak value.
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Figure 5.5: Time resolved iCCD images showing the evolution of the gold plume expansion.
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Figure 5.6: (a) Lineouts extracted from gold iCCD imaging at different times and (b) atomic 
plume front velocity fit. The plume front position was approximated as the point at which the 
counts are 10% of the peak value.

For each m aterial, table 5.2 shows a com parison of the average ion velocity, m easured 

using a Langm uir ion probe (fig. 5.2) and the plum e front velocity m easured from  iCCD 

images. The tin plume front velocity is not shown as the atomic plum e em ission was 

too weak to m easure an accurate velocity. For gold and alum inium , the average velocity
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m easured  using the L angm uir  probe is h igher than the front velocity m easured  from 

iC C D  images. However, it is im portant to note that the L angm uir  probe m easures  the 

ionic com ponen t  o f  the plum e. It has been observed previously, using space resolved 

em ission spectroscopy, that the ionic com ponen t o f  the p lum e can leave the target at a 

h igher  velocity than the neutrals (appendix A . i )  [77].

Table 5.2: Plume velocities measured with iCCD imaging and a Langmuir ion probe for various 
materials.

Material Avg. Velocity F ront Velocity 
L angm uir  probe iC C D  im aging 

x l 0 ^ c m s “ ' x l O ^ c m s " '  
G old  0 9  0 .80  ±  0.03
Silver 1.2 1.5 ±0 . 1

A lum in ium  2.3 1.6 + 0.1
Tin 1

IC C D  im ages give a som ew hat qualitative description o f  the plum e. The recorded counts 

are related to the em ission  of the p lasm a by the wavelength  dependent transm ission o f  

the im aging  lens, the spectral sensitivity of  the iC C D  and the cam era  settings; gain, gate 

width and num ber o f  acquisitions. Due to the spectral response o f  the iCCD, emission 

o f  the sam e intensity from  different spectral regions will p roduce a different num ber o f  

counts  recorded. However, if we assum e the p lum e is optically thin and in the rm ody

nam ic equilib rium  we can relate the counts  recorded  to the num ber density  o f  atoms in 

the p lum e and therefore, describe the relative d istribution o f  p lum e density. T he p lum e 

spectral radiance em itted  along the optical axis, x,  is directly  proportional to the inten

sity incident on the iC C D  and hence the counts  recorded.

L{A, 7 )  = J "  7(/l, 7’)/7(x, V, z )d x  = J{A, T)na(y\ z) (5.2)

w here  J(A, T)  and na(y, z) are the spectral density, and areal num ber density respectively. 

The areal num ber density  is related to the num ber density  by naiy ,z )  = f  n { x , y \ z ) d x .  If 

we define a norm alised  density  function as

n ’{x ,y ,  z)
n ( x , y ,  z)

pi
(5.3)
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where Npi is the total num ber of atoms in the plume. The normalised density is related 

to the plasm a radiance detected by the iCCD cam era by

= -7 - 7 --------------   (5.4)
f  f  L{y,z)dydz

where L(y, z), the plasm a spectral radiance, is directly proportional to the counts recorded 

on the iCCD camera, and hence, the norm alised plume density can be extracted from the 

iCCD images. From this, we can relate the plume density, m easured using spectroscopy 

and optical absorption m easurem ents to normal density distribution to estim ate the total 

num ber o f atoms in the plume.

Figure 5.7 shows iCCD imaging o f each material at 50 ns, 200 ns and 5 |.is. The relative 

intensity of each o f the plumes varies from  material to material. The tin atomic plume 

is barely observable. In contrast for silver, the atomic plume emits strongly and the NP 

plum e is much less intense.
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Figure 5.7: Time resolved iCCD images showing the evolution of the atomic and nanoparticle 
plume expansions for gold, silver, aluminium and tin.
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5.3 Spectroscopy

Figure 5.8 shows time and space resolved spectra for the ablation o f each material at 

(a) 50 ns, (b) 100 ns and (c) 200 ns after the laser pulse for the experimental conditions 

described in chapter 4. For each m aterial, a reflection of the plume from the target is 

observed as em ission com ing from  behind the target position. For gold, both the fast 

and slow plum e com ponents are clearly resolved. The fast com ponent is com prised of 

well separated discrete lines characteristic of gold atomic em ission. As observed with 

iCCD imaging, the relative intensity of the fast and slow plume com ponents varies from 

material to material. This suggests a difference in the relative num ber of atom s in the 

fast and slow plume com ponents.
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Figure 5.8: Time resolved emission spectra showing the evolution of the atomic and nanoparti
cle plumes for gold, silver, aluminium and tin.
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5.3.1 Gold

Figure 5 .8  sh ow s discrete spectral lin e  em issio n  from  the fast p lum e characteristic o f  

atom ic bound-bound transitions. Spectral lin eou ts in fig. 5 .9  w ere form ed by averaging  

the em issio n  in tensity  over a 10 p ixel region (1 7 0  |.im) centred at the peak o f  the atom ic  

plum e optical em iss io n  w hich  has a v e lo c ity  o f  4 .4  x  10‘’c m s “ '.
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Figure 5.9: Spectral em ission from the gold atomic plume recorded (a) 100 ns and (b) 200 ns 
after the laser pulse with a gate width o f < 10%- o f the delay.

Table 5.3: Main experimentally observed Au I lines.

W avelength g i:g 2 f21 A 21 E2 Transition
(nm ) ( s - ' ) (eV )

406.07 2:4 0.608 1.226 X 10* 7.68 5d'°6d
479.5 4:6 0.651 1.259 X 10* 7.69 5d"^6d
583.9 2:2 0.1640 3.2 X 10̂ 6.755 5d"’7s
627.8 4:2 0.01 3.4 X lO*’ 4.63 5d‘°6p
751 4:2 0.1878 4.4 X 10̂ 6.755 5d'“7s
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" D 5 / 2

2po
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Figure 5.10: Simplified energy level diagram for Au I showing the most important radiatively 
linked levels. The atomic transitions are detailed in table 5.3.

Properties of the main gold radiative transitions are summarised in table 5.3 and shown 

on the energy level diagram in Mg. 5.10 [78,79]. The A-values have been calculated 

from the oscillator strengths using equation 2.20 |79]. Boltzmann plots were calculated 

from the emission spectra shown in fig. 5.9 and were used to calculate the plasma tem 

perature. Each spectral line was integrated to get the total emission from each transition 

and applied to equation 2.19 to generate the Boltzmann plots shown in fig. 5.11. The 

slope of the linear fit is equal to -1  j kT,  for 100 and 200 ns the temperature was found 

to be 1.1 ± 0.1 and 1.0 ± 0.1 eV respectively.
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Figure 5.11: Boltzmann plots of gold at (a) 100 and (b) 200 ns centred at the peak of atomic 
emission.
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5.3.2 Silver

It is clear from figs. 5.8 and 5.12 that the silver femtosecond ablation plume differs 

significantly from gold. For gold, both plume components were clearly observable, 

however, for silver spectral images only atomic line emission is clearly resolved. This 

strong emission coupled to relatively available atomic transition properties makes silver 

an ideal choice for performing a detailed analysis.

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

(a) 50 ns (b) 100 ns

Figure 5.12: Time and space resolved iCCD images o f femtosecond ablated silver at (a) 50 ns 
and fb) 100 ns after the laser pulse.

Figure 5.13 shows the spectral emission observed at 50 ns after the laser pulse. The 

main spectral lines are indicated on the plot. The 328 and 338 nm lines are a result of 

transitions from the 4d'°5p to the 4d’*’5s ground state. These lines are o f much lower in

tensity than observed previously for nanosecond laser produced plasmas [80|. This may 

be due to low transmission in the UV through the optical collection system as a result 

o f the two glass achromatic lenses. While the absolute intensity calibration method, de

scribed in section 3.2, takes into account the wavelength dependence of the transmission 

through the optical system, the lower number o f counts recorded in this region reduces 

the accuracy o f the calibration method. The spectral lines in the 580-700 nm region are 

currently unidentified but may be due to Ag II transitions or contamination on the target 

surface (carbon, oxygen etc.).

A simplified energy level diagram for Ag I is shown in fig. 5.14 indicating the main 

Ag I levels that give rise to the observed spectral emission. Table 5.4 lists the identified 

radiative transitions. Energy level data was taken from the NIST spectral database. A 21 

transition rates are only available for some lines in the NIST database [81 ]. Therefore, 

the values shown are extracted from the PrismSPECT spectral code [52].
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Figure 5.13: Silver spectral emission recorded 50 ns after the laser pulse showing the main 
observed lines. The atomic transitions are detailed in table 5.4.
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Figure 5.14: Simplified energy level diagram for Ag I showing the most important radiatively 
linked levels. The main atomic transitions are listed in table 5.4.

F igure 5.15 show s intensity  ca lib rated  em ission  spectra  recorded  at (a) 200 and (b) 300 

ns after the laser pulse. In each case, 10 pixels w ere b inned  to im prove the signal to 

noise ratio . T his co tresponds to approx im ate ly  175|,im. For each lineout, the spectra 

w ere ex tracted  at the peak o f the optical em ission  w hich has a velocity  o f  5 x  10 '*m s“ '.

As described  by the B oltzm ann equation , the spread  in the upper energy levels o f  ob 

served transitions determ ines the accuracy  o f a tem peratu re fit. For the B oltzm ann equa

tion to be applicable , the p lasm a m ust be op tically  thin and the levels o f in terest m ust 

be in local therm odynam ic equilibrium . T he em ission  spectra  will be m odelled  using 

Prism SPE C T , described  in m ore detail in section 2.3.1. P rism S P E C T  can m odel non- 

LTE level popu lations, i.e. it does not assum e the popu lation  o f levels fo llow s a B o ltz

m ann d istribu tion . It also takes into account a num ber o f  line b roadening  m echanism s
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Table 5.4: Important radiative transitions for Ag I. The transition rates were taken from the 
PrismSPECT modelling code.

W avelength g i :g 2 A 21

(nm) (nm) (s“ ‘)
(Prism spec)

827.4 4 : 2 9.6 X 10^
768.8 2 : 2 6.0 X 10^

547.2 4 ; 4 1.3 X 10^
546.5 4 : 6 8.6 X 10^

520.9 2 : 4 7.5 X 10^
421.3 4 : 4 4.3 X 10^
421.1 4 : 6 2.6 X 10^
338.3 2 ; 2 1.35 X 10^
328.1 2 : 4 1.47 X 10^

E 2 Transition
(eV)

5.276 4 d '“6s: "S, 4d '«5p:
5.276 4 d ' ° 6 s : - s j  ^  4 d '“5p: 2p;

6.043 4 d '°5d :  ^0^3 ^  4d '°5p : "P^ 

6.045 4 d '°5d :  “d J ^  4d '°5p :  -Ps

6.043 4 d '°5d :  4d '°5p :

6.72 4d '°6 d ;  4d"^5p: ^Pj

6.721 4 d “’6d: ^  4d '°5p :  “P j
3.66 4 d “’5p: " p i  ^  4d '°5s :  "S
3.77 4 d '°5p :  2pj ^  4d '°5s:

such as, Doppler, natural, instrumental. Stark and opacity. In fig. 5.15, the emission 

was fitted with a P rism S P E C T  sim ulated  spectra for the conditions; tem perature  =  1 eV, 

n, = 9.5 X 1 0 '‘’ c m “^, th ickness = 720|.tm which gives a m ean charge, Z  = 1. At 300 ns 

the best fit was found for the conditions; tem perature = 0.75 eV, n, = 3.5 x  10 '‘’ c m “\  

thickness =  1070|.im and Z  = 0.97. T he best Ht was found by com paring  the siinulated 

and experim ental integrated line intensities o f  the 827, 768, 546 and 521 nm  lines for 

different p lasm a conditions. T he inset in fig. 5.15b shows the difference between the 

simulated, and experim ental line width o f  the 521 nm  Ag 1 line. T he p lasm a thickness 

was es tim ated  from  iC CD  im aging assum ing  the p lum e aspect ratios and ky. are 

equal. To fit the data, the integrated intensity o f  each line was com pared. T he calculated 

data  shown in hg. 5.15 is corrected for the instrumental broadening. As a result o f  this, 

the density  extracted  from  the simulations is not based  on the spectral linewidth and in

stead, derived from  the absolute  intensity o f  the line. T he  accuracy o f  the calculated  ion 

density  is s trongly influenced by the accuracy o f  m easurem ent o f  p lasm a th ickness from 

iC CD  imaging. This  is a m ore  appropriate  m ethod  o f  determ ining  the p lasm a density  as 

lines are prim arily  instrum ent broadened.
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Figure 5.15: Silver spectral emission recorded (a) 200 ns and (b) 300 ns after the laser pulse. 
The spectral emission was modelled using the PrismSPECT spectral code to estimate the tem 
perature.

To calculate the total mass of the atomic plume by utilizing the norm alised density 

distribution m easured using iCCD im aging we must first satisfy certain assum ptions; 

the plume can be described as having a single tem perature and the plume is optically 

thin. This can be proven by m odelling the line emission spectra using Prism SPECT 

at different positions at a fixed time. Figure 5.16 shows the spectral em ission 200 ns 

after the laser pulse. The target position is shown at 0 mm. Spectral line-outs are 

taken at 3 different distances from  the target spaced 750|.im apart. By m odelling the 

plasm a properties in each region we can determ ine if assum ing a single tem perature is 

a reasonable approxim ation. The assum ption that the plasm a is optically thin will also 

be investigated using the Prism SPECT code which can output the plasm a opacity.
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Wavelength (nm) Distance (mm)

(a) Space resolved spectra (b) ICCD imaging

Figure 5.16: Space resolved spectra and iCCD image o f silver atomic plume recorded recorded 
at 200 ns after laser pulse.

Figure 5.17 shows spectral line-outs at the three different positions illustrated in fig. 

5.16. As before, the plasma thickness parameter is estimated from  iC C D  imaging and 

the spectra is fitted by comparing the integrated line intensity between measurement and 

simulation. The fitting  parameters, summarised in table 5.5, show only a small change 

in temperature at different positions w ith in  the plume.
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Figure 5.17: Lineouts of silver spectral emission recorded at 200 ns at 3 different positions from 
the target shown in fig. 5.16.

Using PrismSPECT, the plasma opacity can be calculated. Shown in fig. 5.18 the peak 

optical depth is much less than 1 and therefore, the plume opacity is not significant.
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Figure 5.18: Opacity calculated using PrismSPECT for silver atomic plasma emission shown 
in fig. 5.17b.

Table 5.5: PrismSPECT fitting parameters for silver spectra fitting shown in fig. 5.17.

Position Thickness
t̂ im

Temperature
eV

Ion density 
cm'-^

Densityxlength
cm^-

Pos. 1 5 5 0 1 1 X 10'^ 5 X 10'^

Pos. 2 72 0 1.05 1 X 10 '^ 7 X 10'^

Pos. 3 80 4 1.1 7 .5  X 10'-^ 6 X 10'-*

The total number o f atoms in the plume can be calculated by relating the normalised 

density function to the integrated densityxlength product

n{x,y = 0,z)dxdz = J "  J "  n'{x,y = 0, z)JVpdxdz (5.5)

where n, n', Np are the atom density, normalised atom density and the total number of 

atoms in the plume. Integrating fig. 5.16 we find the average spectral radiance between 

0.5 and 4 cm along the z-axis as shown in fig. 5.19. Also shown is the PrismSPECT 

fit for a 1.05 eV, 1 x  10'^ atoms cm“ -̂ and 450|.im thick plasma. The plasma thick

ness is the length o f the plasma along the x-direction. From this, the plume integrated 

densityxlength product, f  f  n(x,y = 0,z)dxdz, was found to be 1.6 x  10'“’ cm Inte

grating the iCCD image shown in figure 5.16b to solve for f  f  n'(x,y = 0,z)dxdz, the 

total number o f particles in the plume, = 1 x  10'-̂ .



84 5 .3 . F e m t o s e c o n d  a to m ic  p l u m e  -  S p ec tr o sc o p y

300 

250

'e  200
c

1  150

2 100
o
<D

^  50 

0
400 450 500 550 600 650 700 750 800 850

Wavelength (nm)

Figure 5.19: Silver atomic plume average spectral radiance in the region from 0.5 to 4 cm 
recorded 200 ns after the laser pulse fitted with a simulated spectra using PrismSPECT.

As described in section 2.3, the width o f a spectral line is influenced by a number of 

plasma conditions and the experimental setup. Low temperature (few eV), high den

sity (> 10'^ cm^) plasmas are primarily instrumental and Stark broadened. Therefore, 

measurement o f spectral line widths allows us to estimate the electron density. For this, 

the 1200 I/mm spectrometer grating was used, this reduces the spectral range of a sin

gle measurement (a;40 nm), but increases the spectral resolution and gives a minimum 

linewidth o f 0.2 nm at 546 nm. Figure 5.20 shows the 520 and 546 nm silver lines 

recorded (a) 10 ns and (b) 50 ns after the laser pulse. The spectra were generated by 

binning 10 pixels centred at the position o f peak emission in each image. The spectral 

line widths were fitted with a Voigt function. The Gaussian linewidth parameter was set 

to 0.2 nm to account for instrumental broadening. The calculated Lorentzian linewidths 

are given in table 5.6 and their corresponding electron density which are related by

L

6.6 X 10'^

where W is the Stark broadening parameter. A t late times, >50 ns, the lines are primarily 

instrument broadened, this reduces the accuracy o f the Stark density measurements at 

100 and 200 ns.
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Figure 5.20; Silver spectral emission recorded using 1200 1/mm spectrometer grating for line 
width measurements recorded at (a) 10 and (b) 50 ns. The spectral lines have been fitted with a 
Voigt profile to calculate the FWHM of each line.

Table 5.6: Silver atomic plume electron density measurements, calculated using experimental 
Stark widths. Linewidths shown have been modified to account for instrumental broadening.

Wavelength Time Line Width AA Electron density
(nm) (ns) (nm) (cm” "')

Djenize et al.
520.9 10 2.22 6.1 X 10'*̂

20 0.94 2.6 X 10'*
50 0.32 9 X 10'^
100 0.144 4 X 10'^
200 0.087 2.4 X 10'^

546.5 10 2.75 7 X 10'»
20 1.28 3.2 X 10'*
50 0.36 1 X 10'*
100 0.099 2.5 X 10'^
200 0.096 2.4 X 10'^

As mentioned previously, PrismSPECT takes into account spectral line broadening 

mechanisms. The spectral resolution o f the 1200 1/mm grating, /1/A/l = 2200. Us

ing PrismSPECT, the electron density was calculated by fitting the 520.9 nm silver line 

at 10 and 50 ns was estimated as 2.3 x  10'^ cm“  ̂and 1x10 ' ^  cm” "* respectively. Fitting 

this line with experimental Stark broadening parameters, the electron densities were 

6.1 X 10'* cm"^ and 9 X 10'^ cm“  ̂ respectively.
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Figure 5.21: Silver 520.9 line using 1200 1/mm grating at (a) 10 and (b) 50 ns fitted using 
prismSPECT resulting in a electron density o f 2.3 x  lO'^ cm~-  ̂ and 1 x  10'^cm “-̂ respectively.

5.3.3 Aluminium

A s show n in fig. 5 .22 , the a lum inium  atomic plum e em iss ion  observed  w as o f  low  

intensity and did not result in m any v is ib le  atom ic line transitions. T he  tw o  main clearly  

resolved transitions are the 3 9 4  and 396  nm. A s  they both have the sam e upper level the 

temperature o f  the plasm a cannot be estim ated by generating a B oltzm ann  plot.

300

,  250

S 100

400 500 600 700 800
W avelength (nm)

Figure 5.22: Aluminium spectral em ission recorded 100 ns after the laser pulse showing the 
main observed lines. The atomic transitions are detailed in table 5.7.

Table 5.7: Important radiative transitions for A1 I.

W avelength gi:g2 A 21 E 2 Transition
(nm) (nm) (s“ ‘)

Prism SPE C T
(eV )

4 7 2  9.8 X 10’ 3.14 3s24s: ^S. ^  Bŝ  3p: ^P,396
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5.4 Conclusions

F o r  e a c h  m ate r ia l ,  the n u m b e r  o f  ions  p re se n t  in th e  p la sm a ,  d e te c te d  at 3 c m  f ro m  the 

ta rget u s in g  the  L a n g m u i r  p ro b e  w a s  b e tw e e n  1 0 "  and  1 0 '“. A  fast  initial p eak  w as  

o b se rv e d  in the  p ro b e  s igna l  w h ic h  is d u e  to lo w -Z  c o n ta m in a te s  on  the  ta rg e t  surface .

T h e  a sp e c t  ra t io  o f  the  p la s m a  p lu m e  e x p a n s io n  w a s  m e a s u re d  and  fo u n d  to  vary  f rom  

m ate r ia l  to m a te r ia l  d ue  to  the  v a r ia t ion  o f  the  initial p lu m e  sh a p e  (spo t  s ize ,  p la sm a  

initial th ick n ess ) .  O u r  ex p e r im e n ta l  o b se rv a t io n s  p o in t  to a c o m p le x  m ate r ia l  re laxa tion  

p ro cess  tha t  d e te rm in e s  the  re la t ive  spec tra l  in tens ity  o b se rv e d  f ro m  the  a to m ic  and 

n an o p a r t ic le  p lu m e  c o m p o n e n ts .  G o ld  e x h ib i ts  s t ro n g  a to m ic  and  n a n o p a r t ic le  p lu m e  

e m is s io n  in the v is ib le .  T h is  is first su g g e s te d  b y  iC C D  im a g in g  as the  tw o  p lu m e  

c o m p o n e n ts  are  c lea r ly  re so lv e d  a n d  ver if ied  by  sp a c e  re so lv e d  sp ec tro sco p y .  T h is  is 

in c o n tra s t  to  o b se rv e d  em is s io n  from, s i lv e r  and  tin p lu m e s .  F ro m  iC C D  im ag in g ,  the 

s ilver  a to m ic  p lu m e  d o m in a te s  its op tica l  em is s io n .  A t  the  o th e r  e x t re m e ,  fo r  tin, the 

a to m ic  p lu m e  is o n ly  w e a k ly  o b se rv ed .

F o r  a lu m in iu m ,  the  o n ly  iden tif ied  l ines  are  f ro m  low  ly ing  u p p e r  levels, th is  suggests ,  

but d o e s  not con f irm  tha t  the  a to m ic  a lu m in iu m  p lu m e  is o f  low  te m p e ra tu re .  T h e  

low n u m b e r  o f  v is ib le  spec tra l  lines  f ro m  the  a lu m in iu m  an d  tin a to m ic  p la sm a s  has  

l im ited  the  ex ten t  to  w h ic h  spec tra l  an a ly s is  can  be c a r r ie d  ou t to d e te rm in e  th e ir  p la sm a  

p roper t ie s .

A  d e ta i led  ch a ra c te r is a t io n  o f  the  s i lve r  a to m ic  p lu m e  w as  m ad e .  In ten s i ty  ca l ib ra ted  

sp e c t ro sc o p y  m e a s u re m e n ts  w e re  u t i l ized  to inves t iga te  the p lu m e  p ro p e r t ie s .  T h e  p lu m e  

t e m p e ra tu re  w as  d e te rm in e d  to  be  a  1 e V  at 2 0 0  ns, d ro p p in g  to  0 .75  e V  at 3 0 0  ns. 

F it t ing  the  s i lv e r  p lu m e  at 2 0 0  ns at th ree  difi^'erent p o s i t io n s  w ith  m o d e l le d  fits us ing  

P r ism S P E C T . F ro m  this , a sm all  d e p e n d e n c y  o f  p lu m e  te m p e ra tu re  on  p o s i t io n  w as  o b 

served , w ith  Tc=  1 eV  at 0 .8  m m  f ro m  the  p la s m a  to  =  1.1 eV  at 2 .3  m m . T h e  

a b so lu te  in tens ity  c a l ib ra t io n  o f  the  e m is s io n  sp e c t ra  a l low s  a d e n s i ty  and  p lu m e  th ic k 

n ess  to  be  d e te rm in e d  f ro m  spec tra l  m o d e l l in g .  T h e  o p ac i ty  w a s  c a lc u la te d  u s ing  the 

P r i s m S P E C T  code .  F ro m  this  an a ly s is ,  w e  h ave  d e te rm in e d  tha t  at 2 0 0  ns, the  p lu m e  is 

o p t ica l ly  thin a n d  it is re a so n a b le  to  a p p ro x im a te  the  p lu m e  te m p e ra tu re  as  b e in g  s ing le  

va lued . A  m e th o d  w as  d e v e lo p e d  to  c a lcu la te  the to ta l  a m o u n t  o f  m a te r ia l  in the p lu m e  

b y  m e a s u r in g  p lu m e  spec tra l  r a d ia n c e  a lo n g  the  ax is  n o rm al to  the  ta rge t  a n d  c o m p a re d  

to  iC C D  im ag es .  F ro m  th is , the  total n u m b e r  o f  a to m s  in the  in the  s i lv e r  a to m ic  p lu m e  

w as  fo u n d  to  be  I x  10'-^ w ith  a m e a n  ch a rg e ,  Z  «  I. T h is  is a p p ro x im a te ly  50  tim es  

h ig h e r  than  the  n u m b e r  o f  ions  m e a s u re d  u s in g  th e  L a n g m u ir  p ro b e  p o s i t io n e d  3 cm  

f ro m  the  target.  T h is  d if fe rence  m a y  be  d u e  to rad ia t ive  re c o m b in a t io n  a n d  c o o l in g  o f
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the plasma between the time the emission measurements were made (200 ns) and when 

the ions reach the probe positioned at 3 cm.

By utilising multiple diagnostic methods the variation of the plasma plume parameters 

across the range of materials studied. In later chapters we will see how this impacts 

the nanoparticle plume in vacuum and background gas. By using a wide range of diag

nostic methods we have built up a detailed description of the ablation process, from the 

material removed to the deposited material.



Chapter 6

Nanoparticle plume dynamics

The femtosecond laser produced nanoparticle plumes were studied for gold, silver, alu

minium and tin. The experimental setup has been described previously in chapter 4. As 

described in chapter 2, due to the laser heated volume undergoing complex relaxation 

mechanisms, femtosecond laser ablation produces two distinct plume components. This 

chapter is focused on the slower, nanoparticle plume component. Amoruso et al. have 

previously studied the plume spectral emission to estimate the nanoparticle plume tem

perature and cooling rate [58]. They assumed the emissivity of a silicon nanoparticle 

followed a l//i dependence and fitted the spectral emission with a blackbody function to 

calculate the nanoparticle plume temperature. This assumption holds true if the material 

refractive index can be approximated as wavelength independent in the spectral region 

studied. For most metals this is not true. We expand on this analysis by; (a) accounting 

for the variation of refractive index with wavelength and (b) performing absolute spec

tral emission measurements to extract a more accurate temperature measurement and to 

make an in situ estimate of the total amount of material in the plume.

Secondly, we will further our study on the different behaviour of ablated materials. As 

seen in chapter 5, the observed relative emission intensity of the atomic and nanoparti

cle plumes vary with material. The silver nanoparticle plume was not clearly resolved 

using space resolved spectroscopy. In contrast, for tin, the atomic plume emission was 

barely resolvable. By combining analysis of absorption and emission measurements we 

aim to determine whether this is due to a lower plume temperature, leading to reduced 

emission or due to differences in the partition of ablated material between atoms, ions 

and nanoparticles.

89
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6.1 ICCD imaging

W hen view ed by optical em ission, the nanoparticle plum e expansion is observed to un

dergo rem arkably different dynam ics com pared with that of the plasm a plume. As seen 

previously, using em ission m easurem ents, the atom ic plum e is observed to disconnect 

from  the target as it propagates away from  the target surface. Figure 6.1 shows time 

resolved iCCD im ages o f the nanoparticle plum e recorded at 500 ns, 5 j.is and 10 [.is af

ter the laser pulse. In each case, the cam era gate w idth for iCCD im aging was <5%  of 

the delay. As the plume progresses, it rem ains connected to the target with the peak of 

em ission ju st in front o f the target surface. This is consistent with a theoretical plume 

expansion described by the Anisim ov model.

- 1 0  1 - 1 0  1 - 1 0  1 
D istance (mm) D istance (mm) Distance (mm)

(a) 500 ns (b) 5 |.is (c) iO|.is

Figure 6.1: ICCD images of the gold nanoparticle plume at (a) 500 ns, (b) 5 |.is and (c) 10 [.is.
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Figure 6.2: Gold nanoparticle plume emission intensity at 10|.is (a) along the target normal 
and (b) parallel to target surface through the point of maximum counts (200|,im from the target 
surface).
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Figure 6.2 show s iC C D  lineouts taken parallel and perpend icu la r  to the target surface 

10|.is after the laser pulse. T he p lum e d im ensions  w ere  m easured  at the point at w hich  

the intensity had  fallen to 10% o f  it’s peak value. F rom  this, the p lum e aspect ra 

tio, k-y w as es tim ated  to be ~3.7 . T he  atom ic p lum e aspect ratio w as found, using 

a L angm uir  ion probe, to be a4 .3 .  F igure 6.3 show s the linear fit for the nanoparti

cle p lum e front velocity. T he gold  nanopartic le  p lu m e  front velocity  w as m easured  

as (1.4 ± 0.1) X 1 O'* cm  s ’, this is approx im ate ly  50  t im es s low er than the gold  atom ic 

plume.
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F igu re 6.3: (a) L ineouts extracted from iC C D  im ages o f  the gold  nanoparticle plum e at different 
tim es and (h) nanoparticle plum e front velocity  fit.
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6.2 Nanoparticle plume spectroscopy
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Figure 6.4: Space resolved spectral emission from femtosecond ablation of gold 100 ns after 
the laser pulse.

In fig. 6.4, the space resolved spectral emission recorded 100 ns after the laser pulse 

is shown. The atomic plume, distinguishable by its characteristic discrete line emission 

disconnects from the target and expands away. The reflection of the atomic plume from 

the target surface is clearly visible at the bottom of the image. The nanoparticle plume 

emission is observed as a broad continuum which remains close to the target surface as a 

result of the lower nanoparticle plume velocity. This broad emission feature of the slow, 

nanoparticle plume component has been observed for a number of metals by various 

research groups 118,59, 82,83]. Using in situ x-ray absorption, Oguri et al. has shown 

that for aluminium, the plume is comprised of nanoparticles in a liquid state [19]. The 

visible broad continuum is as a result of black-body emission from the nanoparticles. 

The spectral intensity from a single nanoparticle can be described by modifying the 

black-body equation for the nanoparticle emissivity, e^p, given by equation 2.28,

where a is the nanoparticle radius. The emissivity, given in equation 2.28 is defined as

( 6 . 1 )

(6 .2 )

where m is the complex refractive index of the material. The spectral emission density 

per unit volume of the nanoparticle plume is given by
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P np

^na^Pi
W m ' m sr

1 \2nhc"
-Im

P l

— T )  p f ^ p

m- I
7/i2 + 2 exp ( i f )

X  Pfi/p (6.3)

where Jnp^ ,  T), p t  and p^p are the coefficient o f emissivity, the material liquid den

sity and mass density o f the nanoparticle plume respectively. The spectral radiance, 

Lnp{A, T), recorded from a NP layer is given by

Lj^p{A,T) = I Jf^p(A,T) Pnp dx  W  m ' m " sr ' (6.4)
J -x

where the integral is taken along the line o f sight. +X, - X  are the plume dimensions 

along the optical axis. The alignment o f space resolved spectroscopy is such that the 

z-direction o f the plasma is imaged onto the spectrometer slit, therefore the integrated 

intensity is given by

I Lf^p{A,T) dz = I I Jnp(A ,T )P np dxdz W  m ' m“ 's r “ ‘ (6.5)
Jo Jo J -x

where Z is the plume dimension perpendicular to the target. The nanoparticle plume 

mass density, p^p, can be defined in terms o f the normalised density, as

, PNp{x,y,z)pNpi-^̂ ŷ z) =  ------—---------- ( 6 .6 )
M np

where M^p  is the total mass o f the plume. The normalised density distribution integrated 

along the .v-axis can be calculated from iCCD imaging assuming the plume is optically 

thin and can be approximated as having a single temperature by relating the radiance at 

a given position to the radiance integrated over the iCCD.

X
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where L(y,z) is the plasma radiance recorded by the iCCD camera. Figure 6.5 and 6.6 

also shows the integrated spectral emission from the space resolved spectral images. To 

cover a wide spectral range the grating was re-centered at different central wavelengths. 

This has caused a discontinuity in some spectral lineouts observed at «625 nm. In fig. 

6.5, spectral line emission from the atomic and nanoparticle plumes were studied up un

til 800 ns. The atomic plume is observed to expand rapidly away from the target due to 

its greater velocity. From approximately 400 ns the atomic plume is barely observable. 

The spectra was intensity calibrated by the procedure described in section 3.2 and fitted 

using equation 6.5 to estimate the temperature and total mass of the plume.
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Figure 6.5: Time and space resolved spectroscopy and spectral lineouts with corresponding tits 
for gold nanoparticle plume from 100 to 800 ns.
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Figure 6.6: Time and space resolved spectroscopy and spectral lineouts with corresponding fits 
for gold nanoparticle plume from 1 to 5 |is.

As a result o f  the spectral fitting procedure the time dependent temperature variation 

of the nanoparticle plume was measured. To generate the emission spectra, the space 

resolved spectrum is integrated along the propagation direction, and hence, the value of 

temperature calculated is the average temperature over the whole plume length. Figure 

6.7 shows the temporal variation o f  the temperature of the gold nanoparticle plume. Ini

tially, at 200 ns, the plume undergoes rapid cooling with a rate o f  temperature change
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of  1600 K . At 2 [.IS, the rate of temperature change has decreased to 90 K |.is“ ' . The 

emission of hot gold nanoparticles have been studied previously |6 | .  Am oruso et al. 

studied the spectral emission from silicon nanoparticles and to estimate the nanopar

ticle plume temperature, they approximate the emissivity as proportional to 1//1 [58]. 

From 10 |.is to 150 [is after the laser pulse they find that the dominant cooling m echa

nism is radiative emission. Harilal et al. studied the tungsten N P plume emission, they 

ablated tungsten with a 40 fs laser producing a power density of 2 x  10'’* W c m ”“ on 

the target, which is approximately 10 times the irradiance of our study |59], They stud

ied the cooling of the nanoparticle plume from earlier in time (wl [is). A similar effect 

is observed to that shown for gold in fig. 6.7. Initially, at I |.is, the tungsten NP plume 

temperature is *4250  K and undergoes a rapid decay in temperature until approximately 

10 [.IS where there is a much slower cooling rate. The gold N P plume observed in our 

experiments is initially much cooler with a temperature of 2625 K at 200 ns, however 

this can be explained by the different thermal properties between gold and tungsten and 

the lower intensity laser spot used in our experiments. Tungsten and gold have boiling 

points of 6203 K and 3233 K respectively, this allows for a much higher upper limit on 

tungsten nanoparticle temperatures. By comparing the variation in spectral emission 

versus temperature the error in the temperature m easurement was estimated to be »50  

K.
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Figure 6.7: Gold nanoparticle plume temperature versus time calculated from nanoparticle 
emission spectra.
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As described in section 2.5, there are three main cooling mechanisms for a hot nanopar

ticle in vacuum; thermionic emission, evaporation and optical radiation. Thermionic 

emission initially has a fast decay rate but with each electron emission and subsequent 

charging of the nanoparticle causes a large reduction in emission rate (shown in fig. 

2.16). Hence, this mechanism only has a small contribution to the nanoparticle cooling 

rate. As discussed in section 2.5, evaporation from nanoparticle clusters with a radius 5 

nm can be treated as evaporation from a bulk surface. Cooling due to optical radiation 

was treated by calculating the nanoparticle emission spectrum and numerically integrat

ing over the .spectrum to get the power radiated. The possibility of applying the modified 

Stefan-Boltzmann equation to take into account a \ j A  dependence of the emissivity was 

considered and discussed in section 2.4. However, because the choice of the emissivity 

in either case was somewhat arbitrary it was determined that numerical integration of 

the blackbody spectrum is a more precise method.

Table 6.1: Temperature cooling rates calculated for evaporation and optical radiation at two 
different tem peratures corresponding to plume temperature at 200 ns and 2 îs.

Time Temperature Radiation Evaporation
200 ns 2625 K 23 K ps-' 2580 K ps-'

2 |,is 2170 K 9 K p s - ‘ 100 K p s - ‘

As seen from table 1.1, evaporation is the dominant mechanism in the time frame stud

ied. The accuracy of the optical radiation calculation is limited as there is no information 

on the high temperature near infra-red optical constants. The number density at the sat

uration vapour pressure for a given temperature is strongly dependent on the boiling 

point of the material (section 2.5).

There has been studies that show a reduction in melting point for nanoscale materials, 

it is feasible that the boiling point is also affected. Therefore the use of bulk thermal 

properties of a material could be a source of error. Thus far we have considered the 

nanoparticles to be isolated and the surrounding medium to be vacuum. It is unclear 

whether or not there is vapour present as the nanoparticle plume expands and therefore, 

nanoparticle cooling could also be influenced by nanoparticle-vapour collisions.
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6.3 Single wavelength absorption

To further characterise the nanoparticle plume a single-wavelength absorption probe 

was utilised. Unlike spectral emission, plume absorption is only weakly dependent on 

tem perature which is due to the temperature variation o f  the refractive index. Therefore, 

the plume should be observable in absorption long after the emission intensity has re

duced below the detection limit. A similar m ethod has previously applied to nanosecond 

laser produced plasma atomic plumes by Schittenhelm et al. [84,85].

Ablating
laser

3 0 c m 20 cm

To
photod iode

Input p robe  
laser

f = 30  cm f = 20 cm

Target

Figure 6.8: Simplified diagram of the experimental setup for optical absorption measurements.

A schematic diagram of the setup is shown in fig. 6.8, a more detailed discussion on 

the setup is given in section 3.4. As m entioned previously, at a given time, the plume 

has a variation in density versus distance from the target, which results in deflection 

of the probe beam. The optical system was designed such that small deflections o f  the 

laser beam  as it passes through the plasma would not result in a deflection o f  the beam 

position off the photodiode. The m axim um  deflection that the beam can undergo and 

still be collected by the first lens, and hence, be detected by the photodiode, is »5°. It has 

been shown previously that for nanosecond plasm a plumes that this acceptance angle 

is large enough to account for the deflection [86-88], Figure 6.9 shows the temporal 

variation of the optical transmission for target probe distances in the range from 100- 

500 i îm. As distance is increased there is a reduction in the m inim um  transmission 

and a shift in the peak position. Also shown is the densityx length  product, calculated 

using equation 3.15 which is the measure of the density o f  the plume at the probe beam 

position integrated along the line o f  sight o f  the laser probe, .v-axis.

The gold transmission signal is observed to have two components, a fast and a slow 

peak. The origin of the faster absorption feature is not clear at this stage, but may be 

due to vapour absorption. In fig. 6.10, the plume front was m easured as a function



1 0 0 6 . 3 .  N a n o p a r t i c l e  p l u m e  d y n a m i c s  -  S i n g l e  w a v e l e n g t h  a b s o r p t i o n

1.00 ^  1.4
— 100 pm
—  200 pm
—  300 pm 
— 400 pm
—  500 pm

0.95

S 0.90

0.60.85

® 0.4— 100 pm
—  200 pm
—  300 pm 
— 400 pm
—  500 pm

0.80

0.75 0.0
10

Time (ps) Time (ps)

Figure 6.9: Optical absorption measurements of the gold NP plume, recorded at distances of 
100-500 |.im and (b) corresponding densityxlength product.

of distance and time and a linear fit was used to calculate the velocity of each plume 

component which were found to be 1.9 x 10‘’c m s “‘ and 3.7 x 10'* cm s '. The plume 

front was found by measuring the time at which the densityxlength product is at 10% 

of the maximum value. From iCCD imaging, the atomic and nanoparticle plume front 

velocities was estimated as 8 x 10‘’ cm s^ ' and 1.4 x 10^cms“ ' respectively.
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Figure 6.10: Plume front positions of the (a) fast and (b) slow component from fig. 6.9, The 
plume front was approximated as 10% of the peak value.

Assuming a self-similar expansion, we can relate the densityxlength product at a given 

position, Zp and time to to the densityxlength product at a different time r as a function 

of space, z by
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where n L{z \  to) is the densityxlength product measured by the absorption probe at a 

position Zp. In tig. 6.11, the densityxlength product at 200 |.im was converted to spatially 

resolved densityxlength at 5 [.is after the laser pulse. The red circles represent data 

measured directly from the signals shown in fig. 6.9b. The agreement between the 

calculation and discrete points measured directly suggests that treating the plume as 

undergoing a self-similar expansion is a reasonable approximation.

Q- 0 .6

0.2

0.0
100 200 300 

Distance ( Ĵm)
400 500

Figure 6.11: Variation in densityxlength product as a function o f space (black line) at 5 |.is and 
densityxlength product measured from absorption measurements taken at 100 - 500 ^im (figure 
6.9).

Single wavelength absorption measurements provide a quantifiable measurement o f the 

amount o f material at the probe beam position. From this, we can calculate the total 

amount o f material in the plume if  we know the material distribution. The normalised 

distribution was found using two methods.

1. Anisimov model

2. Normalised density analysis using iCCD imaging

Firstly, we w ill look at using the Anisimov model, described in section 2.2 to calculate 

the normalised densityxlength product. By assuming the plume undergoes a self sim

ilar expansion, ie. that its properties are constant along semi ellipsoidal surfaces, and 

that the expansion is adiabatic and isentropic we can employ the Anisimov model to 

describe the plume propagation. As the Anisimov model applies to an adiabatic, self 

similar gas expansion, the correct choice o f y  for an ensemble o f nanoparticles is un

clear. Previous studies o f atomic nanosecond plumes have used values in the range of 

1.1-1.4. y  = 1.3 was used in this study [47, 89]. The plume initial dimensions parallel 

to the target surface was set to the crater dimensions, 180 x  220|.im. The plume in i

tial dimension perpendicular to the target was varied to achieve the best fit and found
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to be 1.1 |.im. Figure 6.12a shows the experimentally measured densityxlength product 

at distances 100-500 |.im. Figure 6.12b shows the time variation o f the densityxlength 

product (normalised to the number o f atoms in the nanoparticle plume) calculated us

ing the Anisimov plume expansion model. The overall behaviour is quite similar to 

the experimental measurements shown, though the calculated temporal width is some

what smaller. The width o f the peak is related to the choice o f gamma. A larger value 

o f gamma may improve the fit but there is no scientific evidence to suggest that this 

would be a reasonable choice for a nanoparticle plume. The total number o f atoms in 

the nanoparticle plume can be obtained by comparing the magnitudes o f the signals in 

tigs. 6.12a and 6.12b. the value obtained is 3 xlO'-^ which is in good agreement with 

the net deposition per pulse.
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Figure 6.12: Temporal variation o f (a) the densityxlength product at various distances from the 
target surface and (b) the densityxlength product (normalised to the number o f atoms in the NP 
plume) calculated using Anisimov plume expansion model.

Secondly, assuming the plume is optically thin and in thermodynamic equilibrium we 

can determine the total amount o f material in the plume from analysing iCCD images. 

From equation 3.15, we can relate the transmission through the probe beam to the par

ticle absorption cross-section and number density by

X
+x

CNp(a, x)nNpdx  (6.9)

where -i-X, - X  are the plume dimensions along line o f sight at a distance z from the 

target. This can be written in terms o f the normalised density distribution, p '  calculated 

from iCCD imaging using equation 6.7.
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6n
ln(7’(v = 0,z)) = — Iiu

nr 1 Mp
—  p ' (x ,y  = 0,z)d.\ 
P l  J - x

( 6 . 10)

From this, we can calculate the total mass of the plume, Mp and hence, the number of 

particles which was found to be 2x10'-^.

6.4 Other materials

Distance (mm) Distance (rnm) Distance (mm) Distance (mm)

(a) Gold (b) Silver (c) Tin (d) Aluminium

Figure 6.13: ICCD imaging of the nanoparticle plume 5 îs after the laser pulse for (a) gold, (b) 
silver, (c) tin and (d) aluminium. The counts scale is in counts per nanosecond.

From the iCCD linages in hg. 6.13, we can see that there is a number of differences 

in the optical emission observed from the nanoparticle plume of each material. Alu

minium, the lightest element, shows the fastest nanoparticle plume front velocity of 

4.4 X 10  ̂cm s“ ' . Each image was recorded w'ith the same camera gain settings and the 

count scale normalised to the number of counts detected per nanosecond to account for 

the differences in gate width. From this, at 5 |.is, the silver emission is approximately 80 

times weaker than gold. While this may initially lead to the conclusion that the amount 

of material in the nanoparticle plume of silver is significantly less than that of gold, the 

iCCD images recorded are not spectrally calibrated and there are a number of factors 

the influence the number of counts detected on the iCCD. The camera responsivity is 

dependent on wavelength, with a maximum responsivity in the visible. Therefore, if a 

plasma strongly emits in the UV the number of counts recorded will be much less than 

if the emission, of the same intensity, was predominantly in the visible region. Table 

6.2 compares the front velocities of the plasma and nanoparticle plumes observed us

ing iCCD imaging. The tin plasma plume emission was weak and hence an accurate 

measurement of the tin plasma plume front could not be made from the iCCD images.
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Table 6.2: Measured atomic and nanoparticie plume velocities from iCCD imaging.

Material P lasma plume velocity 
X 10^ cm s '

NP plume velocity 
x lO ’* cm  s” '

Gold 0 .8 +  0.3 1.4 ± 0 .1
Silver 1.5 ± 0 .1 1.4 ± 0 .1

Aluminium 1 .6+  0.1 4.4 ± 0 .1
Tin - 2.2 ± 0.3

Absolutely calibrated spectroscopy allows for a quantitative comparison o f  the nanopar

ticie plume emission. The spectral radiance, integrated along the z-axis from each m a

terials respective nanoparticie plumes are shown in fig. 6.14. Gold and tin spectra were 

recorded at 5 |.is after the laser pulse with the gate width being 10% of the gate delay. 

Silver and aluminium spectra were integrated between 2 and 7 |.is to improve signal to 

noise ratio. This verifies the observations from iCCD images that there is a large vari

ation in plume emission for each material. At this time, the silver plume is the coolest 

at 1720K, this suggests that the weaker emission observed in iCCD imaging may not 

be due to the amount of material in its nanoparticie plume. In each case, the emission 

spectrum has been fitted using equation 6.5 and accounting for each materials emissiv- 

ity. The emissivity of a 5 nm radius nanoparticie for each material is given in figure 

6.15. For gold, we compare the nanoparticie emissivity calculated for optical constants 

at different temperatures ( 9 0 ,9 1 1. From this, we observe that the plasmon resonance 

feature has a strong temperature dependence. For aluminium, the plasmon resonance 

feature is not observed in the visible region and we see a much lower dependence on 

the emissivity with temperature [92]. The accuracy of the optical constants, and hence, 

the emissivity of the materials in the high temperature regime is a source o f  error in 

the calculated value of temperature and amount of material from optical emission and 

absorption measurements.

Figure 6.16 shows the transmission and corresponding densityx length  product for each 

material at IOO(,im from the plume measured using the single wavelength absorption 

probe. In contrast to optical emission m easurements the absorption in the silver nanopar

ticie plume is approximately equal to that of gold. Gold is m ore emissive at 532 nm and 

hence results in a smaller densityxlength  product.
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Figure 6.14: Nanoparticle plume integrated spectral emission recorded for (a) gold (b) silver, 
(c) tin and (d) aluminium. Gold and tin spectra were recorded at 5 |.is after the laser pulse with 
a 10% gate width. Silver and aluminium spectra were integrated between 2 and 7 |.is to improve 
signal to noi.se ratio.



1 0 6 6 .4 .  N a n o p a r t ic l e  p l u m e  d y n a m ic s  -  O t h e r  m a t e r ia l s

0.30 

0.25 

0.20 

I 0.15
E

LU
0.10

0.05

0.00

 Room temp.
- • - 9 2 0  K 

- • - 1 1 9 3  K 
•  1336 K

K 0.15

LLI 0.10

 Room temp.
- • - 9 2 0  K

400 450 500 550 600 650 700 750 800 
Wavelength (nm)

(a) Gold

400 500 600 700 800 900 1000 1100
Wavelength (nm)

(b) Silver
0.05 0.30

•  Room temp. Room temp.
•  920 K

0.250.04

0.20
0.03

E 0.02
UJ 0.10

0.01 0.05

0.00 0.01
300 400 500 600 700 800

Wavelength (nm) 

(c) Aluminium

Wavelength (nm) 

(d) Tin

Figure 6.15: Calculated emissivities o f a nanoparticle for (a) gold (b) silver, (c) aluminium and 
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Figure 6.16: Comparison o f single wavelength absorption o f silver, aluminium, gold and tin 
in (a) transmission and (b) corresponding densityxlength product recorded at 200|.im from the 
target.



6 . 5 .  N a n o p a r t i c l e  p l u m e  d y n a m i c s  -  C o n c l u s i o n s 1 0 7

From table 6.3, it is clear that there is a discrepancy between the emission, absorption 

and total num ber of atoms ablated. Fitting the nanoparticle  spectral emission with a 

b lackbody-like function, the estimate o f  the total num ber of atoms in the nanoparticle 

p lume gives reasonable values, ranging from 50-85%  o f  the atoms ablated. For silver, 

tin and aluminium, the amount of material in the nanoparticle  plume m easured using 

optical absorption does not agree with the other m easurem ents. The origin of this is not 

currently clear. For tin, this may be partly due to lim ited  availability o f  optical constants 

in the visible spectral region. However, the sam e reasoning  does not apply to silver and 

aluminium. To address this, a potential future experim ent would be a com parison of 

time- and space- resolved emission and absorption measurem ents.

Table 6.3: Comparison between the total number of atoms ablated and the in situ  measurements 
of the number of atoms in the nanoparticle plume.

Gold Silver A lum inium Tin
Atoms ablated 7 . 4  X 1 0 " 3 . 9  X 1 0 ' ' 6 . 4  X 10 '^ 1.2 X 10 ' ^

NP plume emission 6  X 10 '^ 2 X 1 0 ' ^ 4 . 2  X 10'- ' 8  X 10'-^
NP plume absorption 6  X 10 '^ 2 X 1 0 ' ^ 6  X 10 '^ 3 .5  X 10 '^

6.5 Conclusions

Initially, we focused on characterising the gold nanopartic le  plume in both emission 

and absorption. From this, we calculated the tim e dependent cooling rate of the gold 

nanoparticle plume. Studying the rate of change  o f  the plum e temperature we have 

come to the conclusion that, for gold, from 100 ns - 3 |.is, the plum e cools prim arily  by 

evaporation. The total num ber o f  atoms in the gold nanoparticle  plume was found by fit

ting the plume spectral emission to a blackbody function, modified for the nanoparticle  

spectral emissivity and found to be 6 x  10''^.

No electrostatic charge was detected from the nanopartic le  plume on the Langm uir  ion 

probe. This led to the developm ent of the laser absorp tion  probe m ethod to perform  an 

in situ, absolutely calibrated m easurem ent o f  the nanopartic le  plum e dynamics. Unlike 

emission measurem ents, the ability to measure the p lum e by absorption is not depen 

dent on temperature. IC C D  imaging can give the relative distribution of material in the 

nanoparticle plume, this assum es the plume is optically  thin and can be approxim ated  as 

having a single temperature. For the experimental conditions and materials studied this 

holds true, the single wavelength absorption probe shows that for the gold nanoparticle 

plume at 532 nm the m inim um  transmission is a  90% .
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A method was developed to calculate the total amount of material in the nanoparticle 

plume by fitting the plume spectral radiance with a blackbody-like function. Table 6.4 

summarises some of the results from the previous chapters. For each material, the num 

ber of atoms ablated was on the order of 10‘-̂ atoms. An interesting feature observed 

in the spectral emission measurements was that the silver and aluminium plumes radi

ated with a lower intensity. Comparing gold and silver integrated spectral radiance (fig. 

6.14), the gold emission is »25  times greater than for silver. The amount of emitted 

light is determined by three factors: material emissivity, plume temperature and number 

of atoms in the plume. The gold emissivity, intensity change due to temperature and the 

amount of material is greater than that for silver by a factor of 5, 1.2 and 3 respectively. 

From this, we deduce that the reduced radiance recorded by iCCD/Spectroscopy m ea

surements is due to the combination o f  factors but primarily influenced by the reduced 

emissivity of silver nanoparticles and the number of atoms in the nanoparticle plume.

In chapter 5, we measured the amount o f atoms in the silver atomic plume by space- and 

time- resolved spectroscopy to be 1 x  lO'"'. Comparing these measurements in table 6.4, 

this agrees quite well with the total num ber of atoms ablated, 3.9 x  10'-  ̂ and the total 

number of atoms in the nanoparticle plume, 2 x  10 \

Table 6.4: Material inventory for fs ablation of different materials.

Gold Silver Aluminium Tin
Atoms ablated 7 . 4  X 1 0 '  ' 3 .9  X 1 0 " 6 .4  X 1 0 " 1.2 X 10'-^

Plasma ions 4  X 1 0 " 7 .5  X 1 0 " 4 x  1 0 " 3 X 1 0 "

Deposition 3 .7  X 10 '^ 5 .7  X 10'-^ 1.4 X 10'-^ 6 .7  X 1 0 "

NP plume (Optical emission) 6 X 10'-^ 2 X 10'-^ 4 .2  X 1 0 " 8  X 10'-^



Chapter 7

Femtosecond ablation plume dynamics 
in background gas

In this chapter, we will describe an investigation into plume expansion in a background 

gas. The analysis is currently on going but the m ain  results will be presented. Laser 

ablation plume dynam ics in the presence of a background gas is o f  much interest and 

has been the focus o f  num erous studies for both nanosecond and fem tosecond laser pro

duced plasmas [93-97], Ablation into a background gas is already utilized in a num ber 

o f  applications. In pulsed laser deposition, reactive gases can be used for the production 

o f  transition metal nitride films. Nitride films are o f  great interest due to their strength, 

durability and useful optical, electronic and m agnetic  properties [98]. There are sev

eral reasons why PLD is of interest in nitride h im  growth; 1. it is a relatively simple 

and comparatively inexpensive thin film growth technique and 2. for some materials, it 

has been shown that PLD leads to good stoichiom etric  growth of the thin film, which 

is important for the growth of complex materials. Inert ambient gases have also been 

widely used as part o f  the PLD process [99]. A fonso  et. al. studied growth o f  copper 

nanocrystals in argon at pressures ranging from vacuum  up until 1.33 x  10"' m bar and 

concluded that at pressures > 7 x  10“  ̂ mbar anisotropy is h igher and develops earlier 

than for films grown in vacuum, this is possibly detrimental for the production o f  optical 

elements but has potential for catalytic applications. Laser produced plasmas have been 

used extensively for material characterisation; laser-induced breakdown spectroscopy 

(LIBS) and integrated into an inductively coupled p lasm a mass spectrometry (ICP-M S) 

system [100-104]. LIBS is considered to be a non-destructive technique as only a small 

amount of material is removed in the ablation process, this can be carried out in both 

background gas and vacuum [ 101, 105]. N anosecond  LIBS is more com m on and c o m 

mercial systems are available ] 106], however, there has been some recent studies into 

the feasibility of fs-LIBS ] 107]. Laser ablation IC P-M S (LA-ICP-M S) is an analytical 

technique for determining the chemical and isotropic composition o f  solid samples. A 

tightly focused laser is used to vaporise a small am ount o f  material from a target into

109
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gas flow. The gas flow carries the material to the ICP-MS for analysis. Both material 

characterisation techniques are known for their high sensitivity and in some cases can 

have detection sensitivity up to parts per billion.

The same setup described in chapter 4 was used, the ablation was carried out using 130 

fs, 800 nm Coherent Legend Elite with a peak fluence of 1.6 J cm The background 

gas pressure was measured using a Hastings dual vacuum gauge (HPM -2002-OBE) 

containing a Pirani and an piezoresistive direct force sensor to give a measurement range 

from 1.3x1 O'"' to 1.3x10^ mbar. The p lume expansion was studied in argon and helium 

atmospheres at pressures o f  1, 10 and 1000 m bar and the results compared with vacuum 

m easurem ents (chapters 5 and 6). The background gas pressures were chosen to cover a 

wide pressure range, laser ablation conducted in atmospheric pressure is o f interest for 

high pressure depositions and material characterisation (LIBS, LA-ICP-MS). Helium 

and argon were chosen as the gases of interest to explore the plume dynamics in an inert 

atm osphere o f  a light and relatively heavy background gas. In order to achieve high gas 

purity in the chamber, the gas line was flushed and the chamber initially pum ped down 

to a vacuum  (< lO""* mbar). As before, we will mainly focus on gold as a material of 

interest, but will also discuss the ett'ect o f  gas confinement on other materials (silver, 

aluminium, tin).

Figure 7.1 shows the expansion of gold femtosecond plumes in vacuum and various 

pressures o f  argon. As discussed in chapter 6, the gold atomic emission is relatively 

weak com pared  to the nanoparticle plum e emission. At higher gas pressures there is 

a stronger influence from the confining gas and this results in complex hydrodynamic 

changes in the plume shape. For 10 mbar, at 500 ns and 1 [̂ is after the laser pulse the 

atomic plum e is still observable and is partially confined by the background gas produc

ing a peak o f  emission near the plume front. The nanoparticle plume expansion is only 

slightly impeded at this background gas pressure, this could be due to the nanoparticle 

plume having a much greater mass per particle. At 100 mbar, the atomic plume is fur

ther confined, exhibits strong lateral confinement and undergoes strong de-acceleration 

due to the increasing pressure o f  the gas build up on the plume-gas interface. In the case 

of 100 and 1000 mbar, there is sharpening o f  the nanoparticle plume. Farid et al. has 

previously reported that for fem tosecond laser ablation of copper in various pressures of 

air [108]. At 1000 mbar, early in time, the atomic plume is further confined and remains 

close to the target due to strong confinement. From 1 [.is and 5 [,is we observe two dis

tinct p lum e components. It is possible that the second component is fast nanoparticles 

from the front o f  the nanoparticle p lum e or material from the atomic plume, this will 

be d iscussed and analysed in more detail later using space-resolved optical emission
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spectroscopy.
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Figure 7.1: Time resolved iCCD images showing the evolution of the gold plume expansion in 
vacuum and 10, 100 and 1000 mbar of argon.

Figure 7.2 shows the influence o f helium on the gold plume expansion. As w ith the case 

o f argon, we observe the effect o f confinement o f the atomic plume, however, this effect 

is only appreciable at 100 mbar and is comparable to the effect observed in 10 mbar 

o f argon. Plume sharpening at higher pressures is still observed, but less pronounced 

which shows an influence o f not just the pressure but the atomic mass o f the confining 

gas.
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Figure 7.2: Time resolved iCCD images showing the evolution o f the gold plume expansion in 
vacuum and 10, 100 and 1000 mbar o f helium.

It is clear from figs. 7.1 and 7.2 that under the influence o f the background gas the plume 

decelerates. By approximating the plume front position as when the signal is at 10% o f 

its peak value we can measure the position o f the plume front versus time and hence 

study the deceleration caused by background gas confinement. We can describe the 

position o f the plume front by using a simple model based on the balance between the 

plume linear momentum variation and the external pressure applied by the background 

gas [96|. For the atomic plume, the model assumes the plasma undergoes a hemispher

ical expansion w ith the background gas swept up forming a thin hemispherical layer on 

the plume front. The equations o f motion are
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7t M a  +  ) Ua =  -2nR~pg,
ctR
7 ?  =

(7.1)

where R, iia, are the plume radius, velocity and total mass respectively. The back

ground gas is described by its density, Pg and pressure, pg. In order to solve this model, 

the initial conditions are R(t  = 0) = 0 and u„(t =  0) =  where Ua,o is the plume 

velocity in vacuum. The experimentally  m easured atomic plume velocity and results 

o f  the fitting procedure in ditt'erent background gas pressures o f  helium and argon are 

shown in fig. 7.3. Also shown on each plot is the m easurem ent and fitting o f  the plume 

expansion in vacuum and the linear fit used to estimate the velocity which was found to 

be 8 X 1 0 'm s - ' .
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F ig u r e  7.3: Position-tim e plots o f  the go ld  atom ic p lum e front position in (a) Helium  and (b) 
Argon at different gas pressures fitted using equation 7. 1.

This model adequately describes the influence of background gas on the plume velocity 

at 10 and 100 mbar. Experimental values taken at atmospheric pressure are not shown, 

at high pressures the background gas has a s tronger confinement effect on the plasm a 

plume and in the observation direction both p lum es appear to overlap in space and hence 

we are unable to clearly distinguish betw een the nanoparticle and atomic plumes with 

iCCD imaging. From the fitting procedure, described by equation 7.1, we obtain an es

timate for the mass of the plume to be 2.9 x  10“ "  kg or 9 x  10’-' atoms. This value does 

not agree well with the total num ber o f  atoms ablated, 7.4 x  10'-'. However, this model 

assumes a hemispherical expansion, which as seen in fig. 7.1, it is forward directed. 

This will result in an overestimation o f  the total am ount o f  material in the plume.

Figure 7.4 shows an iCCD image recorded o f  a gold ablation plume at 500 ns in 100 

m bar o f helium. In this case we have plotted the intensity on a log scale to highlight the
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internal structure observed in the plasma plume which is not present in a low pressure or 

vacuum environment. This structure suggests more complex hydrodynamic processes 

involved that cannot be described by this simple model and are out of the scope of 

this thesis, though has potential for future work as would enhance the understanding of 

plume dynamics in high pressure background gases.

E
E

w
b

-1 0 1 
D is tan c e  (mm)

Figure 7.4: ICCD image of gold femtosecond ablation plum es recorded 500 ns after the laser 
pulse in 100 mbar of helium.

Figure 7.5 shows an array of images showing the plum e space re.solved spectral em is

sion as a function time and background gas pressure o f  argon. In 10 mbar, the atomic 

plume, observed by discrete line emission, can be seen to expand away from the tar

get. In this case, the plume appears to disconnect from the target as no observable line 

emission is seen close to the target surface. In 100 mbar, the atomic plume is confined 

as it can be clearly seen that 1 [,is after the laser pulse the discrete line emission has not 

propagated as far as observed in 10 mbar, which is consistent with our assessment from 

iCCD imaging. One o f  the advantages o f  space resolved spectroscopy over the iCCD 

imaging is that we can assess the extent of the overlap betw een the atomic and nanopar

ticle plumes which are clearly distinguishable by their different emission features. At 

1000 mbar, strong confinement occurs, from iCCD imaging it is difficult to determine 

the influence o f  background gas pressure on the nanoparticle plume velocity. Due to 

the strong confinement, at this pressure, the emission observed from the atomic plume 

remains close to the target and overlaps the nanoparticle plum e in space. An interesting 

feature at this high pressure is that we observe two distinct broad continua separated in 

space at later times. There are a num ber o f  possible causes for this; condensation of the 

atomic plume into nanoparticles or a splitting o f  the nanoparticle  plume resulting in a 

double peak structure. This feature is also clearly evident from iCCD imaging (fig. 7.1) 

and will be discussed in more detail later in this chapter.
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Figure 7.5: Time and space resolved spectroscopy images sequence comparing gold plume 
optical emission in argon at pressures o f 10, 100 and 1000 mbar.
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Figure 7.6: Time and space resolved spectroscopy and iCCD images images sequence compar
ing gold plume optical emission in argon at 1000 mbar from 100 - 800 ns.
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Figure 7.7: Time and space resolved spectroscopy and iCCD images images sequence compar
ing gold plume optical emission in argon at 1000 mbar from 1 - 5 |,is.

Figures 7.6 and 7.7 shows the temporal evolution o f  the gold nanoparticle plume in 

1000 m bar of argon using space resolved spectroscopy and ICCD imaging. Early in time 

(100 - 800 ns), the atomic and nanoparticle spectral line emission is clearly observable. 

The plasm a plume is strongly confined and rem ains close to the target surface. At 800 

ns, the broad continuum  has expanded further from  the target than the line emission. 

At later times, shown in fig. 7.7, two distinct emission peaks are observed. From
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iCCD images we can see the two peaks remain connected. This feature is either due 

to condensation o f the atomic plume resulting in a change from atomic line emission 

to a broad continuum, or a fast component o f the nanoparticle plume. To address this, 

multiple spectral lineouts are taken across the emission spectra at 4|.is in the regions 

shown in fig 7.8. Figure 7.8 shows that the maximum plume temperature occurs at the 

fast peak position, while the coolest region resides between the two regions o f peak 

emission. The fast peak temperature is *500  K greater than the average temperature 

o f the nanoparticle plume in vacuum. This may be due to condensation o f the atomic 

material to form nanoparticles, however it is also possible that the high temperature is as 

a result o f plume confinement. As mentioned at the start o f the chapter that this work is 

ongoing and further analysis involving the plume velocity profiles is required to confirm 

this hypothesis.
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Figure 7.8: (a) Space resolved spectral emission from femtosecond laser ablated gold in 
lOOOmbar of argon 4|.is after the laser pulse showing two distinct plume components (b-d). 
Spectral lineouts at three different positions are indicated in (a).
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The nanoparticle cooling rate may be influenced by the confining background gas through 

nanoparticles-gas collisions. Figure 7.9 shows the variation o f nanoparticle plume tem

perature versus time in vacuum and background gas (helium, argon) at various pres

sures. Small variation is observed in the rate o f change o f the plume temperature with 

pressure and background gas. However, it is unclear whether this trend is due to exper

imental uncertainty or the interaction between the nanoparticles and background gas.
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Figure 7.9: Temporal variation of the gold nanoparticle plume temperature in (a) argon and (b) 
helium.

Figure 7.10 shows the single wavelength optical absorption measurements recorded in 

vacuum and various pressures o f argon at 3 mm from the target. An increase in the peak 

absorption is observed at higher pressures due to the confinement o f the material not 

only slowing the plume expansion, but also narrowing the plume aspect ratio and results 

in the formation o f multiple peaks. Figure 7.10 highlights an advantage o f absorption 

measurements as we are able to study the plume milliseconds after the laser pulse. A t 

late times the plume would be too cool to result in detectable optical emission.

Figures 7.1 I and 7.12 show the expansion o f the aluminium plumes into helium and 

argon at 10, 100 and 1000 tnbar. In vacuum, the atomic plume is not visible due to 

the relative intensity o f each plume component and the times the images were recorded. 

A t 10 mbar, the atomic plume is confined and clearly visible. The expansion o f the 

aluminium atomic plume is confined more than for the gold atomic plume at the same 

pressure. It is clear from these images and those o f gold that the plume behaviour in 

high pressure background gas is quite complex and warrants further investigation.
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Figure 7.10: Optical absorption measurements o f the gold NP plume, recorded at 3 mm in (a) 
vacuum, and in argon with a pressure o f (b) 10 mbar , (c) 100 mbar, (d) 1000 mbar.
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Figure 7.11: Time resolved iCCD images showing the evolution of the aluminium plume ex
pansion in vacuum and 10, 100 and 1000 mbar of argon.
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Figure 7.12: Tim e reso lved  iC C D  im ages show ing the evolution  o f  the a lum inium  plum e ex 
pansion in vacuum  and 10, 100 and 1000 m bar o f  H elium .
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7.1 Conclusions

In previous chapters, we characterised the fem tosecond laser ablated materials in vac

uum and expanded on the application and understanding of current diagnostic methods 

to study each plume com ponent in detail. This chapter expands on this study to look at 

the effect o f  background gas confinement on the plume.

At low pressures, the background gas exhibits stronger confinement on the plasma 

plume than the nanoparticle plume component. In a similar gas environment, the alu

minium plasm a plume undergoes greater confinement than the gold plasma plume. 

This is due to gold having a much larger atomic mass. With increasing background 

gas pressure, further confinement occurs and it becom es harder to distinguish the two 

plume components using iCCD imaging. For gold in 1000 m bar of argon, using time- 

and space- resolved spectroscopy, the atomic line emission is observed to overlap the 

nanoparticle plume emission. Two distinct com ponents  emerge at later times (> 1 ^s), 

the origin o f  which is not currently well understood. The fast component may be due to 

re-condensed plasma but this has not been proven and is of interest for further analysis.

With plume confinement, the plumes remain relatively dense at later times, however 

cooling occurs at a similar rate as vacuum. In this case, it is advantageous to study the 

plume using absorption measurements. As m entioned previously, absorption m easure

ments do not rely on the material having a high temperature which is a requirement 

for emission measurements. Multiple peaks were also observed in single wavelength 

absorption m easurements and resolved on time-scales on the order of milliseconds.





Chapter 8

Conclusions and future work

8.1 Conclusions

This work has focused primarily on study the ablation plume dynamics of femtosecond 

laser ablated metals. The main experimental setup was designed to include a wide range 

of measurement techniques to characterise each aspect of the plumes. Femtosecond 

laser ablation of metals is of interest due to its distinctive ablation process and numerous 

applications. The study of femtosecond ablation in vacuum divided into three sections; 

1. target irradiation, material removal and deposition, 2. the fast, atomic plume and 3. 

the slower, nanoparticle plume component.

The target irradiation was characterised by measuring the distribution of laser fluence 

across the beam spot by using a CCD camera. This is the ideal method of characterising 

the focused beam spot. While limited by the cameras finite pixel size, unlike knife-edge 

measurements, this method does make assumptions on the beam shape to calculate the 

spot dimensions. For ablation of gold with a 550|.iJ, 130fs laser pulse, 2.4 x 10“ " kg 

atoms were ablated per pulse.

The fast atomic plume has been successfully characterised using a range of character

isation methods; Langmuir ion probe, iCCD imaging, space- and time- resolved spec

troscopy. From optical measurements, the relative intensity between the atomic and 

nanoparticle plume varies strongly with material. However the difference in the plume 

emission intensity is not reflected in the differences in the number of ions in the plasma 

plume determined by rotational Langmuir ion probe measurements.

Analysis of the nanoparticle plume was conducted with two main aims; to further the 

understanding of the optical emission and absorption of the nanoparticle plume and to 

determine the amount of material in the plume using absolutely calibrated spectroscopy. 

This was achieved by fitting the nanoparticle plume continuum emission by accounting 

for the spectral emissivity of the nanoparticles. Previously, metallic nanoparticle emis- 

sivities were assumed to be proportional to I / A .  This holds true if the optical constants
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can be approximated as wavelength independent over the emission region. As a result 

of  fitting the spectral emission, the plume temperature and mass were determined. The 

gold nanoparticle plume was com posed of approximately 85% of  the ablated material. 

A number of significant dirt'erences were noticed in our study of different metals. The 

silver nanoparticle plume was observed as being less emissive. We found that for sil

ver, the nanoparticle plume was contained only 50% of the ablated material. The lower 

emission of the silver nanoparticle plume was also due to a combination of its lower 

plume temperature and nanoparticle emissivity.

Lastly, the main diagnostic methods were applied to study the plume dynamics in var

ious background gases and pressures. It is clear that choice o f  the type of gas and 

pressure influences the plume expansion. The atomic plume, while initially has a much 

higher velocity than the nanoparticle plume, undergoes greater deceleration and can be 

overtaken by the nanoparticle plume in space. With increasing gas pressure the plume 

expansion changes shape and becomes more forward directed. At atmospheric pressure, 

two distinct plume components are observed, each having continuum  spectral emission 

characteristic of hot nanoparticle emission. This is most likely due to condensation of 

the confined atomic plume to form nanoparticles but requires further investigation.

8.1.1 Future work

In this work, some experimental observations warrant further study to clarify their ori

gin. It would be of interest to conduct spectral absorption m easurem ents using a high 

intensity broadband light source (eg. pulsed xenon flash lamp or supercontinuum  laser). 

Unlike emission measurements, the wavelength dependence o f  the plume optical ab

sorption is only weakly dependent on temperature and hence, is only dependent on the 

amount of material and the optical properties o f  the nanoparticles. In this work, we 

studied the nanoparticle plume absorption at a single wavelength (532 nm) at a set po

sition. This provides us with a temperature independent absolute measurem ent o f  the 

amount of material at a specific distance from the target. It would be of interest to carry 

out time- and space- resolved absorption spectroscopy, and spatial imaging o f  the plume 

absorption using the setup shown in fig. 8.1. By com paring emission and absorption 

measurements we would gain a better understanding on the optical properties, the vari

ation o f  emission with temperature and how accurate this m ethod is at modelling the 

nanoparticle plume optical properties. M easuring the spatial distribution o f  the material 

in absorption will also help clarify the discrepancy between the num ber o f  atoms ablated 

and the num ber o f  atoms in the plume estimated using the single wavelength absorption 

probe.
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Angular resolved deposition measurements, for the most part, agreed well with the num 

ber o f  atoms ablated. However, silver gives the total num ber of atoms deposited greater 

than the num ber of atoms ablated. This is most likely due to nanoparticle extinction 

effects which would overestimate the amount of material deposited. W hile a large num 

ber of shots is used to form thick depositions to form a continuous film, the film quality 

has not been verified. It is of interest to study this by characterising thick nanoparticle 

depositions using atomic force microscopy.

In chapter 7, we studied the efi'ect of a background gas environment on plume expan

sion. Previously, for nanosecond laser ablation, the ablation plume has being shown to 

react with the background gas to form composite materials. For example, Krishnan et 

al ablated a titanium target into nitrogen to form nanostructured titanium films [109]. 

However, in contrast to nanosecond laser ablation the nanoparticles produced by fem 

tosecond ablation form within the target itself. Therefore, femtosecond laser ablation in 

a reactive gas it may be a viable method to produce core shell nanoparticles 11 10].

It would of be of interest to study femtosecond ablation o f  metal alloys or compound m a

terials. To date, this area has been relatively unexplored. Com pound materials can e x 

hibit unique electronic and/or optical properties and femtosecond laser ablation presents 

as a viable method for producing nanoparticles of exotic materials.

M ass Spectrometer

Optical Spectrometer

(a) Spectrally resolved optical absorption setup.

Figure 8.1: Simplified setups for optical absorption measurements.





Appendix A

Appendix

A.l Early stage optical emission in nanosecond laser ab
lation

In n anosecond  laser ablation, it has been observed  that during  the laser pulse the o p 

tical em ission  in the visib le  is a con tinuum  [111].  A fter  the pulse  broad  spectral lines 

em erge  from  the co n tinuum  and these lines narrow  as the p lasm a expands, s im ilar  to 

the fem to seco n d  p ro duced  atomic plume. It has been  suggested , but not confirm ed  that 

the co n tin u u m  is due to radiative recom bination  and  b rem sstrah lung  em ission . A  broad  

con tinuum  is also observed  in early stage em ission  o f  fem tosecond  laser p roduced  p las

mas. However, there is also a com ponen t to the con tinuum  caused  by the nanopartic le  

p lum e w hich  com plica tes  the analysis. This  section describes  an experim en t and an a ly 

sis to  clarify  the orig in  o f  the continuum  em ission  in the early  stage o f  nanosecond  laser 

ablation.

To Spectrometer To Spectrometer
(front) (side)

Figure A .l: Schematic diagram showing the orientation of the two spectrometer positions with 
respect to the plasma plume.
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A simplified diagram of the experimental setup is shown in fig. A .I. An 8 ns 1.064 |.im 

Nd;YAG laser was used to ablate a zinc target in vacuum. The angle of incidence of the 

laser beam w'as 45° and the spot size of 2.8 mm giving an average fluence of 4.1 J cm “ .̂ 

The target was continuously rotated to avoid drilling a hole in the target. Space- and 

time-resolved spectral emission normal and parallel to the target surface was measured 

using the setup described in section 3.2. The spectra were recorded with a gated Andor 

DH520 ICCD giving a minimum gate width of 8 ns and a spectral resolution of 0.8 nm.

The ablation depth per pulse was measured by firing 300 laser shots at the same position 

on the target and measuring the crater depth with a profilometer. From this, the average 

depth per pulse was found to be 22 nm, thus the number of atoms ablated per pulse was 

4 x  10 ' - \

5
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o
2X

c
o  1

0
18 200 2 4 6 8 10 12 14 16

Time (ps)

Figure A.2: Ion flux at 10.5 cm from the target surface along the target normal.

The angular distribution of the plasma flux at 10.5 cm from the target was measured 

using a 18 mm^ planar Langm uir probe biased to -2 5  V to reject plasm a electrons.

Figure A.2 shows the ion flux signal recorded by a Langm uir ion probe along the target 

normal. The ion velocity given by the time-of-flight at maximum ion flux (2.4|.is) is 

4.4 X lO^cm s“‘. By rotating the probe about the ablation spot the total number of ions 

in the ablation plasma was determined to be 8 x lO'"*.

Figure A.3 shows the spatio-temporal evolution of the plasma at 0 and 100 ns after the 

laser pulse. Figures A.3a and A.3b shows the emission observed parallel to the target 

surface, as the plasma expands away from the target surface we can see that two spatially 

distinct regions form; (1) a slower neutral component and (ii) a faster ionic part, which 

were observed to be approximately equal in length. Therefore we can treat the plasma 

as essentially two separate regions that we model separately using the PrismSPECT 

spectral modelling code. Emission observed perpendicular to the target surface axis, 

shown in Figs. A.3c and A.3d shows a region of nearly uniform emission.
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F igure A.3: Space resolved optical emission observed parallel (a) 0 ns, (b) 100 ns and perpen
dicular at (c) 0 ns, (d) 100 ns to the target surface.

F igure  A .4  show s the tem pora l evolu tion  o f  the spectral em iss ion  a long  the target nor

mal from  the zinc laser  p roduced  p lasm a. T he  first panel A .4a, show s the spec trum  in 

the interval 0 -8  ns, w here  0  ns refers to  the onse t o f  the p lasm a optical em ission . T he  

spec trum  is a co n t in u u m  w ithout any v isib le  spec tra l lines. It is s im ilar  to that observed
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by Sherrill et al. in the ablation o f silver [111]. Figures A.4b, A.4c and A.4d show the 

spectral emission at 50, 100 and 200 ns, respectively. Quite broad lines emerge from the 

continuum at 50 ns, and the spectral width o f these lines steadily decreases with time. 

Figure A.4 also shows PrismSPECT fits to the experimental spectra treating the neutral 

and singly ionised regions independently.

In using the emission spectra to diagnose the plasma parameters there are three aspects 

o f the spectra which are sensitive to the plasma conditions. Firstly, the relative inten

sities o f optically thin lines derived from upper levels which are in LTE can be used 

to estimate the electron temperature, kTg. Secondly, it may be possible to use Stark 

broadening o f optically thin lines to determine the electron density. Thirdly, the abso

lute intensity o f the overall spectrum is related to the plasma density, temperature and 

dimensions. Thus, it is clear that accurate assessment o f optical opacity is critical to 

reliable application o f plasma diagnosis by spectroscopy. By using the PrismSPECT 

spectral synthesis code, the conditions and dimensions in the model plasma can be var

ied to optimise the fit to the measured spectrum.
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Figure A.4: Optical emission of zinc plasma recorded at (a) 0 ns, (b) 50 ns, (c) 100 ns, (d) 200 
ns. Spectra also shows PrismSPECT fitting.
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Figure  A.4 show s the tem poral evolution o f  the p lasm a as observed  a long the target nor

mal from  0 - 200  ns (Figs. A .4a-A .4d) after the laser  pulse. In figure A .4d, 200  ns after 

the laser pu lse  w e observe well separated spectral lines. T he  m ain  radiative transitions 

in the spectral region o f  interest were taken from  P r ism S P E C T  and  are sum m arised  in 

Table A. 1 and  show n on the energy level d iag ram  in fig. A .5. T h e  triplet o f  lines at 328.2 

nm, 330.3 nm  and  334.5 nm  are mainly due to  Zn  I 4s4d  3 D i,2,3 - 4 s4 p  '^Pi.i.o- T here  is 

a second triplet at 468  nm, 472.15 nm and 480 .99  n m  due  to Zn I 4 s5 s  -^S| - 4 s4p  '^Pi.i.o- 

T here  is also a doub let  at 491.3  nm and 492 .5  n m  d u e  to Zn  II 3 d 4 f  “F 5 / 2  3d4d  ^0 5 /2 ,3 /2 - 

All these lines are s ignificantly broadened  beyond  the lifetim e or D o p p le r  values. U sing 

P r ism S P E C T  the spec trum  was fitted with tw o  p lasm as .  T he  neutral com ponen t ,  Zn I 

w as fitted with  a tom /ion  density  =  4 x 1 0 '^  c m “-̂ , kT^ =  1.1 eV  and  a p lasm a th ick

ness o f  1 = 1.7 m m . T he ionic com ponen t,  Z n  II w as fitted with =  9 .5 x 1 0 '^  c m “^, 

kTe =  2.4 eV  and  1 =  1. 8  mm. Fitting the spec trum  at 100 ns (Fig. A .4c) yields for Zn  1 

=  7 x 1 0 '^  c m “-̂ , k l \  = 1.1 eV, and for Zn II =  6 x 1 0 '^  cm '" ' and kTe=  2 .4 eV. 

At 50  ns Zn I w as  fitted with atom /ion density  N/  ̂ =  1 .2x10 '*  cm""', kT^ =  1.1 eV and 

Zn II w as fitted with = 1 .2x10'* c m ”"', kTe = 2.4 eV. T he  e lec tron  densit ies  for each 

p lasm a layer at each  time were also ca lcu la ted  and  show n on their respective plots in 

figure A.4.

Table A .l:  Main experimentally observed Zn I and Zn II lines

W avelength  (nm ) 
nm

-421 £ 2 (eV) Transition

328.2 3:1 1.363 X 10* 7.7823 Z n 1 4s4d: -^D, ^  4s4p: 'Po
330.3 5:3 1.808 X 10* 7.7827 Zn I 4s4d: - ^ 0 2  ^  4s4p: ^P,
334.5 7:5 2.32 X 10* 7.7833 Z n I 4s4d: 4s4p: -^P2

468 3:1 1.94 X 10^ 6.65 Z n I 4 s 5 s :  -^S, ^  4s4p: -^Pq

472.15 3:3 5.6 X 10^ 6.65 Zn 14s5s:  -^S, ^  4s4p: -^P,
480 .99 3:5 8.9 X 10^ 6.65 Zn I 4s5s; ^S, 4s4p: -^P:
491.3 6:4 1.9 X 10* 14.54 Z n  II 3d4f: ‘ F 5 / 2  ^  3d4d: - D 3 / 2

492.5 6 : 6 1.36 X 10^ 14.54 Z n  II 3d4f: -F 5 / 2  ^  3d4d: -D s / 2

T h e  co n tin u u m  spec trum  em itted during  the laser pu lse  Fig. A .4 a  w as also fitted us

ing P rism S P E C T . At this stage there is no  ind ication  that the p lasm a has separated  into 

distinct regions, so it is m ore appropriate  to m odel it as a single  layer. T h e  fit show n 

w as obta ined  using  an atom /ion particle density  o f  =  3 x  10'^ c m “-̂ and kT^^ 2.1 eV 

and a p lasm a th ickness  o f  27 ^m , w hich  co rresp o n d s  to d en s i ty x th ic k n ess  product o f  

1 .7x10 '^  a tom  c m ‘ “ . T he  ca lculated  spec trum  is also  c o n tin u o u s  with barely  observable  

line em ission . H ow ever, the model does  show  that the co n t in u u m  em iss ion  is p redom i-
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F ig u re  A .5: S im plif ied  energy level diagram for Zn sh ow in g  the most important radiatively  
linked levels. The atomic transitions are detailed in table A. I .

nately due to s trong ly  b ro ad en ed  b o u n d -b o u n d  trans i t ions  in Zn I and Zn II. At this early  

t im e the p la sm a  ex pans ion  is still 1-d im ensiona l ,  so the areal density  ind icated  by the 

abso lu te  in tensity  o f  the spectral em iss ion  can be  c o m p a re d  w ith  the ablation  depth . T he  

ab la tion  depth  o f  22 n m  co rre sp o n d s  to a d e n s i ty x th ic k n e s s  p ro d u c t  o f  1 .4x10 '^  a tom  

c m “^, w h ich  is in go o d  ag reem en t  w ith  the value  es t im a ted  fo rm  the abso lu te  in tensity  

o f  the em iss io n  sp ec tru m  during  the laser pulse.

P r ism S P E C T  can  also be used  to ca lcu la te  the ab so rp tio n  coefficient In a p lasm a. F igure  

A .6 show s the abso rp tion  coefficient for  the p la sm a  co n d i t io n s  found  during  the  laser 

pu lse  (0 ns), nam ely , =  3 x 1 0 '^  c m “-̂ and  kJ^  =  2.1 eV. T h e  code can  d isp lay  how 

the net absorp tion  is pa r ti t ioned  b e tw een  the d iffe ren t abso rp tio n  m echan ism s. It can  be 

seen that  the absorp tion  is m ain ly  due  to b o u n d -b o u n d  ab so rp tion  in Z n  I and  Z n  II. A s 

w as  o b served  in em iss ion ,  these  b o u n d -b o u n d  tran s i t io n s  are s trongly  S ta rk -b roadened .  

B elow  ssSOO nm  free-free  and  bo u n d -f ree  trans i t ions  m ak e  on ly  a small con tribu tion  to 

the absorp tion .  E ven  at the laser w aveleng th  b o u n d -b o u n d  transit ions  accoun t fo r  ~ l / 3  

o f  the total absorp tion .
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Figure A.6: Calculated optical absorption coefficient in the early stage plasma at Na = 
3 X  10 '‘̂ cm-'* and kTe =  2.1 eV.

A .1.1 Conclusions

O ptica l  em iss io n  spec troscopy  w as used  to  m e asu re  the p la sm a  co n d i t io n s  in the early  

s tages  o f  n an o seco n d  laser  ablation o f  Zn. D u r in g  the laser  pulse , the spec tra l em iss ion  

in the v is ib le /U V  is a co n t in u u m  and identifiab le  l ine  em iss io n  em erg e  af te r  abou t 50  ns 

w h en  the p la sm a  exp an d ed  to som e extent. T h e  co ll is io n a l-rad ia tiv e  spec tra l syn thes is  

co d e  P r ism S P E C T  w as used to fit the m e asu red  sp ec tra  and  so  d e te rm in e  the tem pora l 

evo lu tion  o f  the p la sm a  conditions. F rom  this  an a ly s is  it can  be c o n c lu d e d  that the c o n 

t in u u m  em iss io n  seen du ring  Ihe lusev pu lse  is m a in ly  d u e  to  s trong ly  S ta rk -b ro ad en ed  

b o u n d -b o u n d  transit ions in Zn I and Zn II. Sim ilarly ,  it can  be  c o n c lu d e d  that the optical 

abso rp tio n  in this early  phase  o f  p lasm a d ev e lo p m e n t  is d u e  to b o u n d -b o u n d  transitions. 

T h is  observa tion  p rov ides  a new insight into the  n a tu re  o f  laser  ab so rp tion  in low p o w e r  

p u lsed  laser ab la tion  o f  solids.
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A.2 Material optical properties

Plotted below are the refractive index and bulk eniissivity of each material. The bulk 

emissivity, e/,„/A,(/l) is calculated by

{n -  \ )- + k" 

( n +  \)- + k-
(A. l )

where /?(/!), n, k are the material reflectivity, real, and imaginary parts of the refractive 

index.
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Figure A.7: (a) The real, n and imaginary, k components of the refractive index of gold and (b) 
emissivity of gold from a bulk surface.
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Figure A.8: (a) The real, n, and imaginary, k, components of the refractive index of silver and
(b) emissivity of silver from a bulk surface.
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Figure A.9: (a) The real, n and imaginary, k components o f the refractive index o f tin and (b) 
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A.3 Computational model of atomic plume expansion in 
femtosecond laser ablation

"""import modules""" 
import numpy as np 
import matplotlib.pyplot as pit 
from scipy.integrate import odeint 
import scipy.constants as constants

 input variables"""
m = 2 8.88 # M o l a r  m a s s  o f  b a c k g r o u n d  g a s

M = le-11 # P l u m e  t o t a l  m a s s  ( k g )

pg = 388 # B a c k g r o u n d  g a s  p r e s s u r e  ( P a )

time = np . linspace (8 , 1. 5 e-6 , 188) # T i m e  s t e p  a n d  r a n g e  ( s )

yinit = np.array([8,1.6e4]) # I n i t i a l  v a l u e s  r a d i u s ,  v e l o c i t y

def gas.density(m, pg):
return pg*m/(constants.R*293.15*1888)

rho = gas density(m, pg)

def deriv(y, t): 
radius = y[8] 
vel = y[l]

accel =
- (2*np.pi*pg* radius**2 + 2*rho*np.pi*radius**2 *vel**2) 
/ (M + 2./3*rho*np.pi*radius**3)

radius = radius + vel 
vel = vel + accel 
return [radius, vel]



A . 3 .  A p p e n d i x  -  C o m p u t a t i o n a l  m o d e l  o f  a t o m i c  p l u m e  e x p a n s i o n  i n
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y = odeint(deriv,yinit,time)

radius , vel = [] , []

for arry in y:
vel.append(arry[l]) 
radius.append(arry[®])
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Summary

Femtosecond laser ablation of metals and dielectrics is currently very topical due to 
its new and distinctive ablation process and the growing number of applications. The 

ablation process is rather complex and results in the formation of two distinct plumes, 

a fast, atomic component, and a slow component comprised mainly of nanoparticles. 

This thesis describes the results of an investigation into the femtosecond laser ablation 

of some metals. The experiments were performed for gold, silver, aluminium and tin to 

compare the differences in their ablation behaviour.
r

We studied the atomic plume spectral and spatial emission and found that it is a low 
temperature plasma with a supersonic velocity. To characterise the nanoparticle plume 

we performed in situ, time-dependent optical emission and absorption measurements. 
We aimed to extend current analysis methods by taking into account the wavelength de
pendence of the nanoparticle optical properties. From our results, we inferred the tem
perature and the amount of material in the nanoparticle plume. We found the nanopar
ticle plume temperatures varied from about 1700-3000 K depending on material and 

the rime the measurement was taken with respect to the laser pulse. In this range, the 
nanoparticles were found to cool primarily by evaporation. From our study we noticed 

significant differences in the plume characteristics of each material. Finally, we studied 

the behaviour of each plume component in a background gas environment of argon and 

helium up to atmospheric pressure.

Keywords: Femtosecond laser ablation, optical emission spectroscopy, plume confine

ment in background gas, Langmuir ion probe, gold, silver, aluminium, tin.
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