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Abstract

The development of highly sensitive biosensor that susceptible of
detection and identification of a trace levels of biomedical contaminants in
nature has become an efficient field of researches. Raman spectroscopy is a
powerful technique for molecular characterization. Unfortunately, its signal
Is inherently weak. A surface enhancement Raman scattering has facilitated
molecular detection since it provides a remarkable enhancement of weak
Raman signal.

In this work, a two- dimensional finite element model is performed
for a better understanding of the involved physical approach in laser-
polymer ablation process followed by an experimental demonstrations to
produce a surface enhancement Raman scattering substrate through laser
ablation process.

A 193 nm ArF Excimer laser with a maximum pulse energy of 275
mJ, 15 ns pulse duration and a repetition rate of 1 Hz is utilized to irradiate
CR39 polymer samples. Thiophenol and Methylene blue are used for surface
enhanced Raman scattering characterization and biosensing application
respectively.

A surface enhanced Raman scattering substrate is engineered upon
laser irradiation that induces a periodic surface structures, commonly known
as Laser Induced Periodic Surface Structures of three different morphologies
(nanochains, contours, grooves) on surface of CR39 polymer with a
periodicity of 630 - 822 nm at a fluence range above the investigated ablation
threshold (250 mJ/cm?). The ablation threshold is found to match
considerably well with simulation results for the case of repetitive laser
pulses. Then the produced nanostructured surface is coated with gold layer
of various thickness.

The capability of the produced substrate for surface enhanced
Raman scattering is evaluated through thiophenol as an analyte molecule. It

IS observed that the Laser Induced Periodic Surface Structures of grooves



1
like nanostructures coated with a gold layer of 30 nm thickness gives a best
enhancement factor in the range from 0.9*108to 2*108 which is suitable for
a single- molecules sensitivity.

The potential of the produced substrate as a surface enhanced
Raman scattering biosensor is investigated through Methylene blue. The
biosensor sensitivity is characterized by detecting low concentration of

Methylene blue with a detection limit of 0.1 pM.



LIST OF CONTENTS

CONTENTS PAGE
Abstract I
List of Contents ii
List of Symbols %
List of Abbreviations vii
List of Tables IX
List of Figures IX
Chapter One: Introduction and Basic Concepts

1.1Introduction 1
1.2 Raman Spectroscopy 2

1.2.1 Measurement of Raman spectrum 4

1.2.2 Existing of Raman effect 5
1.3 Enhancement of Raman Scattering 6
1.3.1 Electromagnetic enhancement (EM enhancement) .
mechanism
1.3.2 Chemical enhancement (CE enhancement) mechanism 9
1.3.3 SERS enhancement factors 10
1.4 Existing of SERS substrate 11
1.5 SERS substrates classification 14
1.6 Excimer laser induced LIPSS on polymer 16
1.6.1 Laser ablation 16
1.6.2 Excimer laser ablation of polymers 17
1.6.3 Ablation parameters 17
1.6.4 Excimer lasers 19
1.7 Polymers 20
1.7.1 Polymers classifications 20
1.8 Mechanism of excimer Laser ablation of polymers 21
1.8.1 Basic of heat transfer 24
1.9 Surface Modification 25
1.9.1 Chemical modifications 26
1.9.2 Physical modifications 26
1.10 Polymer LIPSS applications 27
1.10.1 Surface Enhanced Raman Scattering (SERS) substrates for 27
sensing
1.10.1.1 Detection of environmental contaminants 29
1.11 Literature Survey 30




CONTENTS PAGE
1.12 Aim of the work 33
Chapter two: Simulation and Experimental work
2.1 Introduction 34
2.2 Simulation program 34
2.2.1 Finite Element Modeling (FEM) 35
2.2.2 Sample description 36
2.3 Laser ablation experimental setup 36
2.4 Materials 38
2.5 Material characterization 39
2.5.1 UV- Vis. Spectroscopy 39
2.5.2 Thermogravimetric analysis (TGA) 40
2.5.3 FTIR Spectroscopy 41
2.6 Metal layer deposition 42
2.7 Analysis of nanostructured surface 42
2.8 Surface Enhanced Raman Scattering (SERS) measurements 43
Chapter three: Results and discussion
3.1 Introduction 44
3.2 Simulation program results 44
3.3 ArF laser ablation 48
3.4 Physical modifications 50
3.4.1 Surface modifications prior and during ablation 50
3.4.2 LIPSS formations 52
3.4.3 Measurement of Roughness, periodicity and height 54
3.5 Chemical modifications 58
3.6 SERS characterization 60
3.6.1 Detection of Thiophenol (TP) analyte 60
3.6.2 SERS- enhancement factor (EF) for TP 62
3.6.3 Effect of LIPSS parameters on SERS intensity 64
3.6.4 Effects of gold layer thickness on SERS activity 65
3.6.5 Sensitivity of SERS substrate 66
3.7 Applications of SERS substrate 67
3.7.1 Detection of Methylene Blue (MB) traces in water 67
3.7.2 Cell adhesion and proliferation 70
Chapter Four : Conclusions and suggestions for future work
4.1 Conclusions 71
4.2 Suggestions for Future Work 71
References 73




LIST OF SYMBOLS

SYMBOLS DESCRIPTION UNITS
E Electric field of the incident laser light. Vim
E, Amplitude of the oscillating electric field Vim
fo Frequency of the incident laser light. Hz
t time S
P Electric dipole moment C.m
o polarisability of the molecule C.m2v?
@ equilibrium polarisability C.m?Vv1
qo vibrational amplitude m/s?
Aq displacement cm
fm frequency of the vibrational mode Hz
Ip Intensity of Raman active band W/cm?
I, Intensity of the incident laser light. W/cm?
Py Induces Raman dipole C.m
Eiocowy local electric field V/im
M, Local intensity enhancement -
M Scattering enhancement -
AEF analytical enhancement factor -
Lsgps SERS intensity W/cm?
Irs normal Raman scattering intensity W/cm?
Crs Concentration of normal Raman M
Csers Concentration of SERS M
SSEF SERS substrate enhancement factor -
Average molecular number in the scattering
Ny mol
volume
Number of adsorbed molecules on the
Nsgrs - mol
optically probed SERS substrate
A laser spot area, cm?
h path length, cm
p density of the analyte g/cm?®
M molecular weight of the analyte g/mol
C Molar concentration M
v Volume of analyte solution respectively L
S Geometrical area of analyte casting film cm?

Dielectric function




Vi

SYMBOLS DESCRIPTION UNITS
Wp plasma frequency of the free electron Hz
Y Characteristics collision rate Hz
n Electron density 1/m?3
e Elementary charge Col.
m Electron mass g
€o Free space permittivity F/m
d(F) Ablation rate nm/pulse
Aeff Effective absorption coefficient cm?
F Laser fluence Jlcm?
Fip, Ablation threshold fluence Jlem?
Cp Specific heat J/IKg.K
k Thermal conductivity W/m.K
Q(z,t) Distribution of the absorbed laser fluence Wicm?
T Temperature K
Is (t) Temporal laser irradiance W/cm?
R Reflectivity -
a, Absorption coefficient cm?
z Distance cm
A Periodicity nm
A wavelength nm




LIST OF ABBREVIATIONS

vii

ABBREVIATION

DESCRIPTION

SERS Surface Enhancement Raman Scattering (SERS)
EM Electromagnetic field
MNPs Metallic nanoparticles
ArF Argon Fluoride
LIPSS Laser induced periodic surface structures
FEM finite element model
uv Ultraviolet
IR Infrared
Au Gold
Ag Silver
EFs Enhancement factors
CE Chemical enhancement
LSP Localized surface Plasmon's
SPPs Surface Plasmon polaritons
LSPPS Localized SPPS
PSPPS Propagating SPPS
AEF Analytical enhancement factor
SSEF SERS substrate enhancement factor
NIR Near Infrared
PMDS polydimethylsiloxane
NSL Nanosphere lithography
EBL Electron beam lithography
Ar Argon
Kr Krypton
Xe Xenon
F Fluorine
Cl Chlorine
ADC Allyl diglycol carbonate
Pl Polyimide allyl diglycol carbonate (ADC),
PMMA Poly(methyl methacrylate)
PS Polystyrene
PC Polycarbonate
LSFL Low spatial frequency LIPSS
TP Thiophenol
SAM Self-assembled monolayer




viii

ABBREVIATION

DESCRIPTION

MB Methylene blue

F2 fluorine laser

PET Polyethylene terephthalate
KrF Krypton fluoride

Pt platinum

Nd:YAG Neodymium Yttrium Aluminum Garnet

PLLA poly(lactic acid)

PHB polyhydroxybutyrate

FBG fiber Bragg grating
FTIR Fourier Transform Infrared
SEM Scanning electron microscopy
AFM Atomic Force Microscopy

DI Deionized water
TGA Thermogravimetric analysis
ATR Attenuated total reflectance

NA Numerical aperture

Ra surface roughness

N Number of pulses

Ty Glass transition temperature

Tm Melting temperature

3-D

Three- dimensional




LIST OF TABLES

TABLE NO. TITLE PAGE
1.1 Table 1.1: Wavelengths of excimer lasers 20
2.1 Thermal and optical parameters of CR39 38
2.2 Parameters of CR-39 polymer 42

LIST OF FIGURES
FIGURE NO. TITLE PAGE
Energy level diagram representing IR,
1.1 : 3
Rayleigh, Raman and fluorescence processes
Schematic representation of (a) Localized
1.2 surface  Plasmon polaritons and (b) 8
Propagating surface Plasmon Polaritons
a) Real and b) imaginary part of silver and gold
1.3 . . : 14
dielectric function
1.4 Colloidal metal on a substrate 15
1.5 Film on nanosphere 16
Schematic plot of ablation rate dependence on
1.6 19
the laser fluence
1.7 Structure of allyl diglycol carbonate 21
1.8 Some common lasers photon energies 23
1.9 Strengths of some common molecular bonds 23
110 Schematic illustrating mechanisms of heat o5
transfer
1.11 Thiophenol molecule 29
1.12 Thiophenol molecule bound to metallic surface | 29
1.13 Methylene Blue molecule 30
2.1 Modeling layout 35
2.2 sample Geometry 36
23 Schematic configuration of Excimer laser 38
' ablation experimental setup
2.4 UV-1800 spectrophotometer setup 39
2.5 UV- Vis. Spectrum of CR39 40
2.6 STA PT1000 Setup 41
2.7 TGA plot of CR39 polymer 42
2.8 Nicolet IR100 FTIR spectrometer 43
2.9 Q150T ES coating system 43




FIGURE NO. TITLE PAGE
2.10 CamScan MV2300 SEM 44
211 Angstrom advanced A3000 AFM 44
2.12 Holmarc (HO-ED-S06). 45

Temperature profile of CR39 polymer for
31 single pulse [a- 750 mJ/cm? & b- 2000 mJ/cm?] 47
' and repetitive pulses [c- 750 mJ/cm? & d- 2000
mJ/cm?] (Temperature scales in kelvin (K)).
3.9 Surface temperature as a function of number of 48
' ArF laser pulses for CR39 polymer
33 Ablation depth versus laser fluence for CR39 49
' polymer
3.4 Threshold fluence dependence on number of 49
' laser pulses for CR39 polymer.
Simulation and experimental results for crater
3.5 50
depth versus log laser fluence at 10 laser pulses.
Ablation rate (nm/Pulse) versus log laser
3.6 fluence at 10, 100, 200 laser pulses| 51
respectively.
37 SEM micrograph of a non-irradiated CR39 59
' polymer
38 SEM micrograph of irradiated CR39 sample 53
' using 50 pulses at 400 mJ/cm?
3.9 SEM micrograph of CR39 at a laser fluence of 53
' 100mJ/cm2 with 2000 laser pulses
SEM micrograph of irradiated CR39 samples
3.10 with 650 mJ/cm2 at a) N= 200, b) N=400,c) | 55
N= 750, d) N= 1200, e) N= 1500, f) N= 3000
3-D AFM images of irradiated CR39 samples
3.11 at 1200 laser pulses with a fluence of a)| 57
300mJ/cm2, b) 750 mJ/cm2, ¢) 1250 mJ/cm?
Variation of periodicity (nm) of LIPSS versus
3.12 incident laser fluence (mJ/cm2) for 1200 laser | 58
pulses
313 The periodicity of LIPSS (hm) versus number 59
' of pulses at a fluence of 650 mJ/cm?
314 The surface roughness (nm) versus laser 60

fluence (mJ/cm2) for 1200 laser pulses




Xi

FIGURE NO.

TITLE

PAGE

3.15

FTIR spectrum of unirradiated and irradiated
CR39 Polymer at 125 mJ/cm? with N=100 and
400 and 800 mJ/cm? at N= 100 and 200

61

3.16

Raman spectra of Thiophenol (TP) (99%
purity) in liquid and on CR39 substrate. The
spectrum has been shifted vertically for
clarification

62

3.17

SERS spectra for TP at a concentration of 100
uM on gold coated irradiated CR39 substrate
with 650 mJ/cm2 at 100, 200, 1200, 1500 and
3000 laser pulses respectively. Spectra have
been consecutively shifted vertically for
clarification.

64

3.18

Enhancement factor of SERS substrate for TP
at a concentration of 100 uM on 30 nm gold
coating as a function of LIPSS morphology

65

3.19

Relation between SERS intensity of the
strongest Raman band of TP at 1074 cm-1 for a
concentration of 100 pM and surface
roughness, periodicity and height of the LIPSS
that obtained through irradiation at a fluences
of 300, 400, 750, 850 and 1000 mJ/cm2 with
1200 laser pulses

67

3.20

Comparison of SERS intensities of TP at 1074
cm-1 with 100 uM concentration acquired on
gold coated LIPSS, that produced due to
irradiation at a fluence of 1000 mJ/cm2 with
N= 1200, are performed for various thickness
of Au coating

68

3.21

SERS intensity of TP at 1074 cm™, acquired on
gold coated LIPSS substrates that obtained
through irradiation with 2000 mJ/cm2 and 1200
laser pulses, as a function of TP concentration

69

3.22

Normal Raman spectrum of 1mM methylene
blue (MB) aqueous solution

70

3.23

SERS spectra for MB at a concentration of 100,
10, 1 and 0.1 uM on 30 nm gold coated LIPPS
of grooves like nanostructures produced due to

71




xii

FIGURE NO. TITLE PAGE
irradiation of 2400 J/cm2 energy dose . Spectra
have been consecutively shifted vertically for
clarification
The relationship between relative intensities of
3.24 major characteristic bands of SERS at 449,502, | 72

1395 and 1623 cm-1 and MB concentration




CHAPTER ONE

Infroduction and Basic Concepts



1.1 Introduction

Ultrasensitive detection of biological and chemical species is
significant in a wide range of technological and scientific fields ranging from
biomolecular diagnostics, materials and analytical chemistry [1-5] to the
monitoring of pollutant, pharmaceutical drugs and explosives [6-8]. Among
many analytical techniques, Surface Enhancement Raman Scattering
(SERS) is the most promising technique in detection of traces of molecules
due to its high molecular specificity and high sensitivity [9-17]. SERS is a
plasmonic phenomenon whereby molecules at or near surface of a metallic
nanostructures encounter a spectacular increase in the incident
electromagnetic field (EM) [18]. It is probable that many of "hot spots™ are
created between neighboring material particles leading to the SERS
capability. As a result, the weak Raman signal is enhanced by many order
of magnitude and leads to prominent sensitivities that reach the limit of
detecting a single molecule and enable SERS substrates for use in enormous
biological inspections, biosensor or environmental analysis [10, 19-21].

Since the discovery of SERS effect, an extensive studies have been
promoted for producing substantial substrate structures. The commonly used
techniques comprise metallic nanoparticles (MNPs) in suspension,
roughened metallic electrodes and metallic structure substrate. While all
produced SERS capable surfaces, they either depend on random processes
or expensive producing equipment leading to prevent cost effective
commercialization [22-24]. An alternative technique is to utilize a laser
based nanostructuring resulting in the generation of Laser Induced Periodic
Surface Structures (LIPSS). LIPSS was studied since 1965s [25]. It is a
phenomenon that may happen by illumination of solid surfaces by intensive
pulses of laser. It originates from the interference of the incident/ refracted
laser light with the scattered or diffracted light near the surface. The
periodicities of resulting structures is exceedingly related to the irradiating

laser wavelength [26]. These structures can be generated on many types of
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materials such as metals [27], semiconductors [28], and polymers [29] with
lasers of various pulse durations from nanosecond (ns) to femtosecond (fs)
and with various wavelengths from Ultraviolet (UV) to Infrared (IR) [30-
32]. A leading technology used for this purpose is the excimer laser. The
advantage of Excimer laser treatment over the other lasers types is the
capability to process surfaces only within the sub micrometer scale without
any damage to the bulk of the material. For most polymers, this is possible
which is due to the fact that most of it reveals a high absorption for UV light
and have low heat conduction properties [33].

In this thesis, the capability of a complex nanostructured substrate that
consist of a polymeric substrate (nanostructured by pulsed laser ablation to
induce a periodic surface structure (LIPSS) followed by coating with metal

layer for SERS will be investigated.

1.2 Raman Spectroscopy

Raman spectroscopy is a vibrational spectroscopic and imaging
technique based on an effect discovered by C. V. Raman and his collaborator
K. S. Krishnan in 1928 [34]. The fundamental process of Raman effect is the
transfer of energy between light and matter. This effect is observed when
light is scattered from molecules in different vibrational and rotational states
of a material and is characterized by corresponding energy exchange
between the incident and scattered light [35]. When a laser light of frequency
fo and electromagnetic field E interact with a sample, both elastic and
inelastic scattering occur as shown in Fig.1.1 but most of the scattering that
takes place is elastic with no energy loss and therefore no change in
frequency, this is known as Rayleigh scattering. However, a small fraction
of the scattered light subjects to inelastic or Raman scattering. The Raman
effect involves two distinct types of scattering, known as stokes and anti-
stokes scattering. The stoke scattering is the most likely to occur where the

incident photon gives up energy to sample molecule. In this case, photon is
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scattered with a red - shifted frequency. Anti- stokes scattering is the less
probable and weaker effect, which happens when photon interacts with a
molecule that is already in a vibrational excited state where the output has a

blue - shifted frequency [36].
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Fig.1.1: Energy level diagram representing IR, Rayleigh, Raman and fluorescence

processes [36].

The frequency shift between the incident and the scattered photon
represents the key to use Raman scattering for investigation of
physiochemical structure of a material [37]. In most cases, the collected and
analyzed photons in Raman scattering are stokes photons, denoted as stokes
lines. However, a much weaker anti-stokes lines resulting from rarity anti-
stokes photons are sometimes preferred in analysis due to absence of
fluorescence interference which represents a big problem for stokes lines

[36]. It is important to mention that fluorescence is much different from
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Raman scattering. In fluorescence, the molecule is totally absorbed the
incident photon which causes a change in electronic energy state.
Subsequently, the molecule relaxes back to a lower energy state releasing a
fluorescence photon [38] whereas Raman scattered photon is released

instantaneously [36].

1.2.1 Measurement of Raman spectrum
The electric field of the incident laser on the sample is given by the

following equation [35]:

E = E, cos(2mfyt) (1.1)

Where E, is the amplitude of the oscillating electric field.
The electric field will prompt an electric dipole moment P in the sample

molecule that is given by [35]:

P =aE (1.2)

where a is the polarisability of the molecule. It is a material property that
depends on the structure of the material and the bond nature, it can be
expanded around the equilibrium of the vibrating molecule with a small

amplitude of vibration. It is given by [35]:

a =ay + [=]odq+----- (1.3)

Where a is the equilibrium polarisability, go is the vibrational amplitude
and 4q is the displacement of the normal coordinates of vibrating molecules
about their equilibrium position due to a specific vibrational mode and it is

expressed by [35]:



Aq = qqo cos(2mf,t) (1.4)
Where f,, is the frequency of the vibrational mode.

p =y Eo cos(2nfot) + 5 [5olodo Bo [cos2m{fo = fm}t) +

cos(2{fy + fin}t)] (15)

This equation performs an oscillating dipole which radiates three
different frequencies of photons where the first term represents Rayleigh
scattering that happens at the excitation frequency f,. The second and third
terms identifying stokes (f, — f,,) and anti-stokes (f, + f,,) Raman
scattering respectively. The change in the frequency between the incident

and scattered light is called Raman shift.

1.2.2 Existing of Raman Effect

For Raman spectroscopy, it is clearly that the Raman effect is occurred

only if [Z—Z]o # 0 which means that the molecular transitions from which a

Raman shift happens can only be achieved optically if the corresponding
vibration of the molecule change polarisability [39]. The intensity of Raman
active band (I;) is determined by molecule polarisability, power and

frequency of incident laser light. It is given by [35, 37]:
4 9242
I = Kly(fo — fm) [a]o (1.6)

Where K is the proportionality constant and I, is the intensity of the
incident laser light. The frequencies of the vibrational modes are very small
in comparison with the frequency of the excitation light, therefore the term
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(fo — fm)?* is modified to (fy)*or (A)*. This means that the intensity of
Raman signal is inversely proportional to the forth power of the incident laser
wavelength. Thus, a strong Raman signal can be achieved with shorter laser

wavelength.

1.3 Enhancement of Raman Scattering

As mentioned earlier, Raman scattering is inherently a weak process
in that only one in every 10°-10% photons is scattered inelastically [34, 37,
40]. The name SERS denotes that it provides the same information that
produced from normal Raman scattering, simply with a highly enhanced
signal [41]. SERS effect was discovered in 1974 by Fleischmann et al [23],
they noticed an enhancement of Raman signal of pyridine adsorbed on
roughened silver (Ag) surface. Since then, a series of experiment regarding
this effect were published and confirmed that a dramatic enhancement of
Raman signals of analytes with an enhancement factors (EFs) as high as 108
can be produced using films of noble metal with roughened surface or
nanoscale patterns where the EM field is more confined on this type of
surface compared to smooth surface [42, 43]. This enhancement of Raman
signal are belonged to two mechanisms: an electromagnetic (EM)
enhancement mechanism and chemical enhancement (CE) mechanism [44,
45]. These two mechanisms can coexist and give rise to a cumulative effect
where the enhancement can be produced by inducing a net change in the
induced dipole moment. Since the intensity of Raman signal is proportional
to the square of the induced dipole moment, thus the enhancement can be
achieved by increasing the electric field (EM enhancement) or polarisability
of the molecule (CE enhancement) or both of them [46]. In theory, EM
enhancement is independent on analyte while CE enhancement is analyte
dependent and it is required to sort a chemical interaction to the metal surface
[47].



1.3.1 Electromagnetic enhancement (EM enhancement) mechanism
The EM enhancement is the dominant contribution in SERS [48]. The basic
of EM enhancement mechanism is the amplification of EM field produced
by coupling of incident radiation field with localized surface Plasmon's
(LSP) of the metal. According to this mechanism, when the laser light hits a
surface of metal, the electromagnetic field in the proximity of this surface
get a strong alteration. This is due to the oscillation of free electrons in the
conduction band with respect to the fixed positive ions [49]. The
phenomenon of collective oscillation of metal conduction electrons at the
interface with a dielectric is called Surface Plasmon. As these charge density
waves (Plasmon) cannot occur without being correlated with transverse EM
wave (photon) and according to this energy sharing, therefore, they should
be called surface Plasmon polaritons (SPPs). This SPPS can be divided into
two different types according to metallic substrate and resonance conditions
[50]:

1- Localized SPPS (LSPPS).

2- Propagating SPPS (PSPPS).
These two types of SPPS are described in Fig. (1.2).
&)

Electric field
+ 4+ + Metal sphere e

(b)

Dielectric

NAVAMANE
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NS N\ N

Metal

Fig. 1.2: Schematic representation of (a) Localized surface Plasmon polaritons and

(b) Propagating surface Plasmon Polaritons [50].



In the case of PSPPs, the SPPs is propagating in the X and Y directions
along the metal dielectric interface (for example, on the surface of a grating)
[51, 52]. This propagation extends for distances on the order of hundreds
micrometers in X & Y directions and exponentially decayed in the z
direction. While for LSPPs, EM light interacts with metallic structures much
smaller than the incident A that leads to the generation of localized Plasmon
oscillation within nanoparticles (for example, on the surface of a spherical
particle). When the frequency of the incident EM radiation matches the
frequency of LSPPs, a resonance state is achieved that referred to Localized
Surface Plasmon Resonance (LSPR) [53, 54]. This resonance state will give
rise to two main consequences. The first consequence is the selectively
absorption of the light wavelength by nanoparticles. The second
consequence is the EM field's enhancement that provide from the
nanoparticles surfaces. The enhancement is mostly proportional to |E|* [41].
For the mathematical description of EM enhancement factor (EF), the
simplest approach that gives the most prudence into the effect of SERS is the
classical EM theory with the same depiction of Raman scattering, that is
discussed later in this chapter, while, a two considerable modifications in the
field description are introduced due to the existence of nanostructured metal
surface.

e At the position of molecule, the EM field is altered (local field
enhancement).
e The properties of the Raman dipole radiation are altered (radiation
enhancement).
For the local intensity enhancement, the local field Eoc can be much larger
than the incident field E; and can dramatically varying with position, this
induces Raman dipole that is given by [55]:

Pr = ag Eloc(wl) (1.7)



Which radiates in free space with power proportional to |P;|2 and
Is enhanced due to local field EF [55]:

|Eloc (wp) |2
Myye = ———75— (1.8)
o Bl
In the case of scattering enhancement, the scattering enhancement
factor can be defined as [55]:
|Eloc (wgr) |2
My = ———— (1.9)
’ |Eo|?

Since the Raman shift is small, thus Wg=W,. This assumption give rise to the

well-known |E|*- approximation factor [55].

EF = |Eloc (wl)l4
|Eol*

(1.10)
1.3.2 Chemical enhancement (CE enhancement) mechanism
The existence and definition of CE are the subject of many

argumentation in literature [56]. It is almost impossible to separate these
effects from a system that supports EM enhancement. In any case, its
contribution in enhancement process is believed to be much smaller than the
EM enhancement.
There are a few other factors in addition to EM and CE enhancements that
influence SERS enhancement. Some of these factors are listed in the
following:

e Laser excitation characteristics such as wavelength, angle of

incidence, polarization, etc.
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e Setup of detection, particularly: Scattering configuration, collection
solid angle, etc.

e SERS substrate, such as materials, shape of roughness, dimensionality
of substrate, etc.

e Adsorption properties of analyte such as concentration of analytes,

adsorption efficiency, distance from the surface, etc. [18].

1.3.3 SERS enhancement factors

In most of SERS experiments, it is very difficult to exactly
characterize the source of the enhancement mechanism (as EM or CE
enhancement). An analytical enhancement factor (AEF) is used by many
researchers to determine the EF by comparing both the SERS and normal

Raman scattering (RS) intensity [47].

AEF =

I C
SERS RS (1.11)
Irs  Csers

Where 1 is the signal intensity at concentration C.

According to the above definition of AEF, an assumption that Iszrs &
Irs scales linearly with power density of the incident beam and the
concentration of analyte is considered while it is ignored the fact that SERS
Is a surface spectroscopy and only the part that adsorbed will participate in
SERS signal. In order to mend this issue, a SERS substrate enhancement
factor (SSEF) can be used [47]

Isgrs N
SSEF = 2ERS _wol (1.12)

IRS NSERS
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Where N,,,, is the average molecular number in the scattering volume
and Ngggs Is the number of adsorbed molecules on the optically probed

SERS substrate that can be acquired from the following equations [57].

Ahp
vol — T (1-13)
And
cVA
Nsgrs = T (1.14)

Where A, h, p, M are the laser spot area, path length, density and
molecular weight of the analyte respectively. Also S,c, andV are the
geometrical area of analyte casting film, the molar concentration and volume
of analyte solution respectively.

The above expression of SERS EF is deemed as the best estimation of
average enhancement factor for a given substrate and has been used

extensively in SERS experiments [18, 58-60].

1.4 Existing of SERS substrate

Generally, the term "SERS" is used for describing any nanostructured
metallic platform that supports Plasmon resonance and produce SERS
enhancements. Moreover, as SERS enhancements are robustly wavelength
dependent thus a given SERS substrate will manifest a good enhancements
in a specific range of excitation wavelength. According to that, SERS
substrate are intended to work with an excitation wavelengths in the visible-
NIR range of spectrum which is the most interesting range of molecular
Raman scattering experiments [18]. As a rule of thumb, an effective
achievement of the technique is arising from a metallic structures with
dimensions less than~ 100nm. Although a simple flat metallic surface can
serve as Raman signals amplifier for an analyte deposited on it but with a

much lower level of amplification that achieved in metallic nanostructures.
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In general, Au and Ag metals are widely used for plasmonic and SERS
according to their inherent optical properties that ensures resonance in
visible-NIR range of spectrum. In fact, the optical properties bulk materials
are characterized by their dielectric function. The Drude model of the
dielectric function of a free electron gas represent a good model for depiction
the metals conduction electrons [18, 61].

wp?

Ew)=1- (1.15)

w? + iyw

Where vy is the characteristics collision rate responsible for damping
of electron oscillation and wp is the plasma frequency of the free electron

system, it is given by [18]:

wp = |2 (1.16)

mSO

Where n is the electron density, e is the elementary charge, €, is the
free space permittivity and m is the electron mass. The plasma frequency
plays a main role in the depiction of metals optical properties as it is the
characteristics frequency of electron oscillation. The complex dielectric

function can be separated into real and imaginary parts. It is given by [18]:

E(w) = Re(E(w)) + i Im(E(w)) (1.17)
Where
oW
Re(Ew)) =1 ——— yz (1.18)
_ ywp?
m(EWw)) = —=——3 I (1.19)

The real and imaginary part represent the reflecting and absorbing

properties of molecules respectively. According to equation (1.18, 1.19).
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SERS effects can be observed in metals that satisfies the condition that: A
negative real part and a relatively small imaginary part of dielectric function
in the Vis.- IR region of spectrum. Fig. (1.3) shows the real and imaginary
parts of dielectric functions of Ag and Au in the UV to near IR region of
spectrum. The plasmonic resonance for the two nanostructured metals lie in
two different spectral regions ¢ 400nm for Ag and~ 520nm for Au). The
extinction band of plasmonic can be modified in a spacious spectral range,
from UV - Vis. to the near IR, through modification of the metal morphology
of nanostructure and dimension. The importance of this tunability is not only
for matching with the wavelength of laser excitation but also for detection of
in accurate spectral range (for example where fluorescence is not present)
for various molecules [55]. Ag is considered a good nominee for LSPR but
it has a poor stability and lower compatibility due to their oxidation issue.
Au is a better choice for LSPR, in contrast to Ag, due to its ease of
manipulation, especially for nanostructures fabrication, excellent
biocompatibility and chemical stability [18, 62]. Also, SERS has been tried
on a spacious range of metals structures such as platinum or copper but they
presented a lower amplifications than that accomplished with Au and Ag
[18].

Rele(2)]

Im[(2)]

| s | . I
400 600 800

Wavelength (nm)

Fig.1.3: a) Real and b) imaginary part of silver and gold dielectric function [62].
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1.5 SERS substrates classification

SERS can be classified in a many different ways. Herein, they are

classified into three main classes:

Metallic nanoparticles (MNPSs) in suspension such as colloidal solutions:
It is the simplest SERS substrate, predominantly made of Ag and Au
nanoparticles where SERS experiment are performed in the presence of
certain analyte concentration (Raman probe molecule). Metallic colloids
are produced by various chemical reduction processes [22, 63] or by laser
ablation from solid metals [64, 65]. Metallic colloids are of historic
importance that related to SERS development as the first detection of
single molecule were reported using colloidal substrate [10, 66]. Most
researchers are yet interested in colloid -based SERS rather than more
developed substrates because colloids are simple in production and resort
to produce large factors of enhancement. On the other hand, the
aggregation of metal nanoparticles may disturb the reproducibility of
SERS spectra. In addition to this and as it was mentioned previously,
MNPs suspension must be mixed with the analyte solution and due to
their sampling requirements, it may limited for some applications [41].
Roughened metallic electrode: It is the most primal SERS substrate that
was discovered by Fleischmann et al [23]. Typically, these substrates are
produced in electrochemical cell containing metallic salt solution by
running the redox cycle [47]. In this case, gold and silver electrodes
provide a relatively low enhancement factors in comparing with another
SERS substrate but they have the utility of modifying their surface
potential to understand the charge transfer phenomenon between the
molecule of the target and the metal surface [67, 68].

Metallic structure substrate, such as a random deposited or an arrays of
metallic nanoparticles/nanostructures created on planner and other

related substrates. In colloidal metallic particles, it is possible to perform
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SERS spectrum of a single molecule. Although, it is often challenging to
reproduce such a high performance SERS feature. To overcome this
Issue, a variety alternative methods have been introduced. Metal island
films that includes a configuration of a metallic nanoscale particles
deposited on a substrate. It is produced by deposition of colloidal
solution onto the substrate (Fig.1.4) [69, 70].

Fig.1.4: Colloidal metal on a substrate [70].

Colloidal solution depend on the interaction between two or more metal
particles (forming trimmers, dimmers, etc.) to produce high signal counts
and they can have high reproducibility of the particle size [71, 72]. Although,
large distinctions in the SERS enhancement can result as there is no flat
approach to assure if the interaction occurs. Substrate can be planner surfaces
like quartz, glass or polydimethylsiloxane (PMDS), etc. or nanoparticles

(polystyrene, silica beads, etc.) established surfaces (Fig.1.5) [70].

2%

r
L 4

Fig.1.5: Film on nanosphere [70]

Lithographic ones present the potential to manufacture periodic array

with specific shape, orientation and placement of the particles. The two most
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common examples are nanosphere lithography (NSL) and electron beam
lithography (EBL) [73-75]. The difficulty with NSL technique is that it
depend on micro- or nanospheres ordering themselves into a monolayer.
While there are many different methods that can support this process.
Additionally, it is difficult to manufacture large areas of these surfaces which
sets limitations on the possibility for large scale manufacturing [70]. EBL is
a highly accurate technique for generation of a nanoparticles with arbitrary
shape, size and spacing. In this method, an electron beam is utilized to write
directly the deposition mask into a film of polymer then the metal is
deposited through the mask. The film is removed to leave the remaining
nanoparticles pattern on the substrate. Although, EBL, is expensive, time
consuming and inefficient for large scale substrates [50]. The goal of more
widespread use of SERS is to generate substrates with a high enhancement/
sensitivity and high reproducibility. Additional eligible features include easy
maintenance, simple operation and robust system to reduce down time.
Laser Induced periodic Surface Structure (LIPSS) onto polymer substrate
followed by deposition of gold film used as SERS substrate present a

solution to all of these issues.

1.6 Excimer laser induced LIPSS on polymer

As previously discussed, LIPSS is a regular wavy surface structure
which can be progressed on the surface of any material by laser ablation.
Excimer laser ablation of polymers is a multilateral method for polymers

structuring with good resolution.

1.6.1 Laser ablation

Since the invention of laser in 1960, powerful light beam have been
directed to solid materials for diversity of uses [76]. Generally, laser ablation
is the process of material removal from solid surface by intense laser beam

[77]. The impact of the incident laser beam onto a solid material is that the
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EM energy is absorbed by the surface of material and then transfers into
thermal, mechanical, chemical and electronic energy. The ejected ablative
debris, in the form of plume, including electrons, ions, atoms, molecules, and
agglomerations or fragments of the irradiated substrate. In the whole process,
the shape and the molecular structure of the material is altered in various

ways [78].

1.6.2 Excimer laser ablation of polymers

Recently, the development of manufacturing technology of gas lasers
has extremely advanced in terms of reliability and in most cases has enabled
the transformation from laboratory environmental to industrial applications
[79]. Excimer lasers have been used in several pulsed laser ablation
experiments. The excimer laser radiation is absorbed in a very cursory region
near the surface of the irradiated polymer and that is due to the fact that most
polymers show strong absorption for UV- wavelength light. Accordingly,
the excimer laser demonstrated to be an effective tool for producing
photothermal and photochemical polymer ablation in order to produce a

precise surface patterning and micromachining [80].

1.6.3 Ablation parameters

The fundamental parameters used to characterize the ablation of
polymers are the ablation rate (which is defined as the slope of a linear fit for
a plot of ablation depth versus number of pulses for a given laser fluence or
the depth of ablation crater after one laser pulse at a given fluence) and the

effective absorption coefficient (a.rr ) where it is a kind of measure to

depict the depth of penetration of the laser during the ablation process. The
third important parameter is the ablation threshold fluence F;; below which
no removal of material by the laser pulse can occurred. The relation between
these three ablation parameters can be described by the following empirical
correlation [81, 82]:
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F
In— (1.20)
Qerr  Fin

d(F) =

The ablation rate dependence on the irradiation fluence can't be
realized with a single set of parameters. Therefore, for each range of fluence,
one set of parameters has to be defined where a different effects control the
ablation process and impact the ablation rate. The ablation rate dependence
on the laser fluence is stated in Fig. (1.6), which is typical for most polymers
[83].
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Fig.1.6: Schematic plot of ablation rate dependence on the laser fluence [83].

From the low fluence range, the ablation threshold can be defined. In
the mid fluence range, the slope of the ablation rate is increased. This effect
belongs to a decrease of the effective absorption coefficient and may be
interpreted by releasing of heat during the ablation process (e.g. exothermic
decomposition of polymer) while the ablation rate is decreased in the range
of high fluence, this decrease corresponds to screening of laser irradiation by
liquid, gaseous and solid ablation products. This procures a similar ablation

rates for many polymers at high fluences [84].
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1.6.4 Excimer lasers
Excimer lasers are a type of pulsed UV laser. The term "Excimer" is
an acronym for "Excited dimers" [80]. It describes very short lifetime
molecules that consisting of one rare gas atom (Argon Ar, Krypton Kr, or
Xenon Xe) and one halogen atom (Fluorine (F) or Chlorine (CI)) [77]. Under
the appropriate conditions of high pressure and electrical simulation, a rare
gas-halogen combinations is obtained which can only occur in an electronic
excited states, and then dissociate into atoms in the ground states after a few
tens of nsec. [85]. This transition gives rise to laser light in the UV range.
The output wavelength of excimer laser is defined by rare gas- halogen
combinations and can be modified by choosing different rare gas and
halogen pair [78]. The wavelengths of some excimer lasers are given in
Table 1.1

Table 1.1: Wavelengths of excimer lasers [85].

Rare Gas-Halogen Combination | Wavelength {nm)
ArCl 175
ArF 193
Fz 157
KrCl 222
KrF 248
XebBr 282
XeCl 308
xeF 351, 353

Typically, the maximum pulse energies of excimer laser are from 0.25
to 1 joule with a repetition rates are from 1 Hz to few hundred Hz. The output
powers are in the range 10-100 W and the pulse duration is generally between

10-30 nsec. As a result, the peak power may reach tens of Megawatts [78].
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1.7 Polymers
Polymers are materials with a very high molecular weight that
preferred for many applications. Usually, they consist of many structural
units bound with each other by covalent bond Polymers are acquired via a
chemical reaction of small molecular compounds called monomers. In order
to form polymers, monomers either have reactive functional groups or
double or triple bonds whose reaction supplies necessary linkage between
repeat units. Polymeric materials usually have high strength, possess a glass
transition temperature, exhibit rubber elasticity, and have high viscosity as
melt and solutions. In fact, the investment of many of these unique properties

has made polymers so useful to mankind [86, 87].

1.7.1 Polymers classifications

One of the popular ways of classifying polymers is based on their
response to heat. According to this system, there are two types of polymers:
thermoplastics and thermosets. In the former, polymers melts on heating and
solidify on cooling. The cycle of heating and cooling can be applied many
times without affecting the properties. On the other hand, thermoset
polymers, melt only the first time they are heated. During the initial heating,
the polymer is cured, subsequently, it does not melt on reheating but
degrades [88].

e Allyl diglycol carbonate (ADC) or CR39 polymer

Allyl diglycol carbonate (ADC) or CR39 polymer is a plastic polymer.
It is transparent in visible wavelengths range and almost completely opaque
in UV. Because of the presence of two allyl functional group, CR39 s
monomers can not only polymerize but also cross-link with each other which
outcome a thermoset plastic distinguished by being hard, infusible and
insoluble in all solvents [89]. The structure of CR39 monomer is shown in
Fig. 1.7.
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Fig.1.7: Structure of allyl diglycol carbonate [89].

CR39 has various applications in many fields and technologies. One
of the most important application is in nuclear physics Also, CR39 has a high
abrasion resistance, half the glass density, with a refractive index that is
slightly lower than that of crown glass, which make it as the most appropriate

material for eyeglass and sunglass lenses [90].

1.8 Mechanism of excimer Laser ablation of polymers

Mechanism of laser ablation of polymers is one of the most important
motivation of researches. Even after 35 years of these researches, the
ablation mechanism is still ongoing discussion. In this case, the polymer
surface materials is not just thermally evaporated. Through numerous
studies, , it has been emphasized that in laser ablation and even for thermally
robust polymers, spacious fragmentation of the main chains take places
which indicating that strong intra- chain covalent bonds are broken [91].
Ablation is also known to be stimulate, with material being ejected from the
surface on a time-scale similar to the laser pulse duration [92]. This so-called
bond-breaking mechanism, particularly with deep UV lasers, has aroused
much attention and speculation. It is mostly accepted that laser photons
energy is used for excitation of electronic states in a first step. The
subsequent steps are still under discussion. It has been suggested that the
mechanism is either photochemical or photothermal, or photophysical [92,

84, 93]. The different models can be summarized as follows:
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Photochemical model: In Excimer laser ablated polymer surface, the
absence of considerable thermal damage can be interpreted by the fact that
the incident laser photons have appropriately high energy for breaking the
bonds of main chain through initiating many chemical reactions such as
crosslinking, chain scission and radical formation [91, 94, 95]. According
to this model, the excited electronic states of polymer, due to absorption
of laser energy, to the energy levels which are above the energies of bond
dissociation leading to decomposition reaction. In this process, the
abundant decomposition productions required a large free volume, thus
repulsive forces among these products would lead to their fast expulsion
from the surface [91, 96]. The delivered photon energies by some
commercial lasers are shown in Fig. 1.8, and Fig.1.9 illustrates the bond

energies of some molecular bonds [94].
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Fig.1.8: Some common lasers photon energies [94].
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Fig.1.9: Strengths of some common molecular bonds [94].

e Photothermal model: A number of investigations have emphasized that
a purely thermal process can produced an efficient ablation of polymer
[97, 98]. This model indicates that the excitation of the electronic state
by laser energy is thermalized on a psec. timescale which means that the
transformation of electronic to vibrational energy states is fast compared
to the rate of polymer removal which then results in thermal bond
breaking [83]. Numerous models have been improved to describe the
thermal aspects influence on the ablation characteristics. Arrhens-type
rate expressions [99], thermal diffusion [100], and a model assuming one
dimensional heat transfer after the two -level chromophore absorption
[92].

e Photophysical model: From experimental observations during Excimer

laser ablation of polymers, both photothermal and photochemical model



24
play an important role in which two independent channels of bond
breaking [101, 102] or different energies of bond breaking for ground
state and electronic excited states chromophore are applied in this model.
Ablation happens if the number of bonds broken directly or via thermal

decomposition exceeds a threshold [83].

1.8.1 Basic of heat transfer

In principle, a three different mechanisms are used to describe the heat
transfer: conduction, convection and radiation (Fig.1.10). In conduction,
only thermal energy is transported while in convection, a mass transport is
connected with heat transfer. Finally, matter emits EM radiation according
to its temperature where higher temperature matter emits more energy.
Consequently, there is a net heat transfer from higher temperature matter to

lower temperature matter [103].

Conduction Convection Radiation
Tamb —_

T, T, moving fluid Gy L
N 49, -

< f Ak ‘3] X

Fig.1.10: Schematic illustrating mechanisms of heat transfer, (Th) hot temperature,

(T¢) cool temperature, (Ts) surface temperature, (Tamb) ambient temperature [103].

A mathematical model based on the linear heat transfer equation could
be used to estimate the temperature distribution and ablation depth in
polymers during laser ablation process. In the absence of convective and
radiative energy transport, a two dimensional heat conduction equation is

given by [84]



25

0T (x,2z,t)
P 5t -

V.[kVT(x,z,t)] + Q(z,t) (1.21)

Where p, ¢, and k are the mass density, specific heat at constant
pressure and thermal conductivity of sample material respectively, T is the
temperature which is a function of time and coordinates. The source term Q
(z,t) describe the distribution of the absorbed laser fluence within the sample

and is given by [84]

Q(z,t) = L(t)(1 —R) a, exp(—Bz) (1.22)

Where I (t) is the temporal laser irradiance at the sample surface. R,
a, are the reflectivity and absorption coefficient of the target material and z

IS in the direction normal to the sample surface.

1.9 Surface Modification

The excimer laser ablation of polymer surfaces exhibit not only a
removal of material but also various physical and chemical modifications in
the irradiated regions. Many research group have published numerous
studies regarding the morphological changes of a large diversity of polymers
such as Polyimide (PI), Poly(methyl methacrylate) (PMMA), allyl diglycol
carbonate (ADC), Polystyrene (PS), polycarbonate (PC) upon excimer laser
irradiation [104-109, 76]. The domination of these modification has become
a field of considerable technical importance. The nature of the developed
surface structure depends on the type excimer, laser irradiation conditions
and nature of polymer morphology. Unfortunately, the relationships between
these parameters and resulted surface structure is not perfectly established
yet [110].
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1.9.1 Chemical modifications

In general, when an excimer laser irradiated polymers surface in
atmospheric environment, some fraction of the polymer hydrocarbon group
(CH) may be modified in terms of its chemical structure such as hydroxyl
(-OH) and carbonyl (-C=0) group due to reactions with the environment
[110]. Oxygen is considered as the most important reagent in atmosphere.
The laser radiation can initiate and accelerate photo- and thermal-oxidation.
The oxidation leads to the degradation / decomposition of the polymer by
bond dissociation, cross linking and chain scission [111]. Occasionally, high
fluence laser radiation can induce direct bond breakage of polymer chain
without oxidation [112]. In addition, a thermal oxidation may be combined

with photo- oxidation reactions leading to photo- thermal oxidation [113].

1.9.2 Physical modifications

In addition to chemical modifications, UV laser ablation of polymers
is often accompanied by modification of the surface morphology in the
irradiated area. A variety of surface microstructures have been observed over
the years. In general, these microstructures include cones and the so- called
LIPSS (Laser Induced periodic Surface Structures) that have been observed
on a variety of polymers using excimer laser [85, 77, 78, 91, 92, 96]. The
generally accepted view on the formation of LIPSS is that the incident laser
light interferes with a wave scattered off the sample surface, initially
produced due to the natural roughness of surface, which results in a
heterogeneous light intensity distribution on the surface. Irradiation with
multiple laser pulses enhances the effect by a feedback mechanism that is
needed for LIPSS generation [26, 114]. The most LIPSS, as surface ripples
can be induced with a polarized laser light within a narrow fluence range

below the ablation threshold [31, 115-118]. These ripples show a periodicity



27
A that depends on the wavelength and on the incidence angle of the laser
light through the following relation [119]:

A=—F— (1.23)

Where n is the effective refractive index.

The interference causes a modulated distribution of intensity, which is
imprinted into the material. The ripples having these properties are usually
referred to as low spatial frequency LIPSS (LSFL). Recently, a new kind of
LIPSS has been observed with a periodicity larger than the laser wavelength.
These LIPSS usually looks like a "grooves" [120].

1.10 Polymer LIPSS applications
It is possible to produce LIPSS with various shape and sizes, making

these substrates suitable for different applications.

1.10.1 Surface Enhanced Raman Scattering (SERS) substrate for
sensing

The many thousands of Raman active molecules are improving
research toward a new applications of SERS. Also, it can be applied to the
system that could not be visualized with normal Raman scattering. SERS is
known as an efficient method for environmental monitoring, biomedical
research and chemical analysis [19-21, 122]. The technique have been
successfully performed for both sensing of biofluids at higher concentrations
and for detection of chemicals and biologicals traces (pharmaceuticals,
explosives, environmental contaminations etc.) [123-127]. It is particularly
well-suited to these tasks because of the signal amplification accompanied

with high sensitivity, the "fingerprint" ability to produce distinct spectra
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from molecules similar in structure and function that observed when the
molecule of interest is very close or lies on the surface of appropriate
plasmonic nanoparticles or nanostructured materials [128]. Recently, SERS
has attracted considerable attention for new biosensor. In general, biosensor
iIs a self- contained integrated device capable of selective detection of
biological and chemical analytes .1t consists of a bioselective layer that react
with a target biomolecules and a transducer to transform the biological
interaction into physical signal (electrical, optical, chemical, thermal, etc.)
[129]. A biosensor with optical transducer are considered as a powerful
alternatives to conventional analytical techniques. It exploits light
absorption, luminescence, fluorescence, reflectance, refractive index and
Raman scattering [130].

The technology of nanomaterial presents a promise to solve the
biocompatibility and biofouling problems in biosensor [131].Thiophenol
(TP) (CeHeS) (Fig.1.11) is chosen as an analyte SERS molecule because it
produce a strong Raman scattering with a well-defined spectral lines. Thiol
(sulfur-hydrogen group) tipped molecules are known to bond with noble

metal (e.g. gold, silver and copper) surfaces through sulfur bond [132].

SH

Fig.1.11: Thiophenol molecule [132].

The mechanism behind the adsorption of molecules to the surface is
believed to be cleaving of the S-H bond to form S-Au bond (Fig. 1.12) [133].
Additionally, Thiol molecules also form a stable self-assembled monolayer
(SAM) on the SERS substrates. The adsorption rate of thiophenol onto Au
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indicate a coverage of over 90% is realized after at most five minutes
[134,135]. To measure SERS signal, the molecules of analyte must deposit
on the surface of SERS substrate (nanostructured polymer surface), as close

as possible to the hot spots molecules.

/

metal

Fig. 1.12: Thiophenol molecule bound to metallic surface. Figure adapted from ref
[133].

1.10.1.1 Detection of environmental contaminants

Natural and artificial organic compounds that used, synthesized and
disposed are largely distinguished as environmental contaminants. [136].
The existence of these compounds in the environment has significant effect
on humans, wildlife and aquatic ecosystems. Usually, these environmental
agents interfere with the endogenous steroid hormones of vertebrates
through interfacing with hormone receptors which leads to negatively vary
the entire endocrine system [137]. Environmental appearance of these
pollutants are at very low levels of concentration, sometimes ranging from
parts per billion to sub parts per trillion. Since, at these levels of
concentration, few analytical techniques have been developed to detect these
compounds [138] then, analytical challenges exist the call for technical
improvement that capable for trace levels detection of such environmental
contaminants. To explore the application of the fabricated SERS substrate in

monitoring environmental organic pollutants, methylene blue (MB) is used
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in this work as a water pollution (Fig.1.13). It is a dark green powder, have
a good solubility in water, where it yields a deep blue solution [139]. MB
has many important applications in fields of medicine, microbiology,
diagnostic [140]. It is utilized for malaria treatment, blood disorder and
neural problems [141-143]. Also it has many industrial applications such as

dyeing, textile, leather, printing, food processing and others [144].

N
GBS
H3C\N & N/CH3

CH ol CHs

Fig.1.13: Methylene Blue molecule, Figure adapted from ref [139].

1.11 Literature Survey

In 2006, Rebollar et al. [145] reported the effect of molecular weight
on morphological and chemical modifications induced by Krypton fluoride
( KrF) Excimer laser ablation of PMMA & PS films doped with Napl and
phenl. They demonstrated a strong dependence of the extent and duration of
the induced morphological change on polymer molecular weight as well as
on the optical absorption coefficient of polymer at the irradiation
wavelength.

In 2008, Slepicka et al. [146] studied fluorine laser (F2) modifications
of Polyethylene terephthalate (PET) with different angles of incidence. They
showed that the formation of periodic structures on PET was angle
dependent.

In 2010, Siegel et al. [147] investigated the properties of Au coatings
sputtered onto ripples structures that induced by F2 and KrF Excimer laser
irradiation. They concluded that the morphology of Au layer was distinctly
different for gold sputtered onto ripples induced by F2 laser, which were

narrower and considerably shallower than the KrF laser induced features.
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In 2011, Heitz et al. [148] described the formation of photonic
microstructures originating from relaxation stress fields in surface of
polyethylene terephthalate (PET) polymer due to laser irradiation and
nanostructures ripples induced by interference of the incident beam with the
scattered light at the surface of PET induced by ArF Excimer laser for
applications in cell biology. They demonstrated that both types of structures
were able to motivate an alignment of living biological cells cultured
thereon.

In 2012, Kim et al. [149] performed 355 nm DPSS Nd: YVO, laser
ablation of polyimide (P1) film to change the morphology of surface for the
application as an electrochemical electrode, they concluded that the
sensitivity of the ablated Pl coated with platinum (Pt) is higher than that of
plain P1/Pt due to increasing of surface area by laser ablation

In 2013, Perez et al [150] reported on a systematic study about the
formation of periodic surface structures on biopolymers films using linearly
polarized ArF, KrF and 4th harmonic Nd: YAG lasers. They observed that
the periods of the induced nanostructures was similar to the laser wavelength
and parallel to the laser polarization direction.

In 2013, Dorronsor et al [151] reported on the formation of a periodic
surface structures in a copolymer upon ArF laser irradiation above the
ablation threshold. They discovered a new type of surface structures with a
period much larger than those characteristic for LIPSS and features
nanchains instead of ripples.

In 2014, Barb et al. [152] observed coherent structures on PET & PS
polymers upon irradiation with linearly polarized KrF Excimer laser. They
demonstrated that the induced nanostructures can be used for nanoparterning
of relative large areas on synthetic polymers commonly used as cell cultures
substrates and can be modified into Au nanowires by means of evaporation

under an inclined angle .
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In 2014, Jacob et al. [153] studied and analyzed the thermal effects
during KrF laser ablation of negative photoresist E-1020 polymer in different
gaseous environment such as air, nitrogen, argon, hydrogen and helium, they
observed that hydrogen gas enhanced both the surface quality and ablation
rate significantly.

In 2015, Shakeri Jooybari et al. [154] investigated the ablation and
conical structure formation on CR39 as a result of ArF Excimer laser
irradiation. They suggested that the formation of microcones was due to
perturbations on surface of laser irradiated polymer.

In 2015, Michaljanicova et al. [155] focused on the investigation and
comparison of poly(lactic acid) (PLLA) and surface modification due to
irradiation with two Excimer lasers (ArF and KrF), they confirmed that and
with the same irradiation condition, ArF laser caused more significant
alteration on surface morphology, surface chemistry and pattern formation
on the polymers under investigation.

In 2016, Behrouzinia et al. [156] investigated the surface modification
of PET polymer due to 193nm ArF laser irradiation, they concluded that in
addition to considerable morphological changes on the polymer surface ,
changes in the hydrophobic arises from the chemistry modification of the
surface which depends on the energy of the incident photon and the number
of laser pulses.

In 2017, Pospori et al. [157] reported the first polymer optical fiber
Bragg grating (FBG) engraved with one 15nsec KrF laser pulse that recorded
in a single-mode PMMA optical fiber having a core doped with benzyl
dimethyl ketal for photosensitivity enhancement. They found that the
produced FBG providing a reflectivity of 98.4% which is appropriate for
sensing applications.
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1.12 Aim of the work
Performing a computer simulation program to determine the effect of ArF
laser on various ablation parameters of CR39 polymer. Then conducting
and investigating a SERS biosensor based on generation of LIPSS on
surface of CR39 polymer through ArF laser ablation followed by coating
with gold layer.



CHAPTER TWO

Simulation and Experimental

Work
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2.1 Introduction
In this chapter, a simulation program is performed for a better
understanding of the involved physical approach in laser- polymer ablation
process. Also, the materials, main experimental methods and apparatus that
utilized to accomplish the present work are presented. Specific details of the
used parameters are determined. Addressed here, are the characterization of
unirradiated CR39 polymer sample through UV- visible spectroscopy and
thermogravimetric analysis, the basic details for generation of
nanostructured CR39 polymer through 193nm ArF laser ablation and the
chemical properties of unirradiated and irradiated polymer surface by
Fourier Transform Infrared (FTIR) spectroscopy. Also, the coating method
of that surface with thin layer of gold metal and investigation of the complex
nanostructured surface morphology through Scan Electron Microscopy
(SEM) and Atomic Force Microscopy (AFM) are described. Finally, the
enhancing properties of the SERS substrate (complex nanostructured
surface) are given for studying of the effectiveness of the whole structure in
detection through Thiophenol (TP) as an analyte molecule and for biosensing

of water contamination via methylene blue (MB).

2.2 Simulation program

It is essential to build an effective simulation that can reflect effects of
polymer thermal diffusion, laser fluence, beam geometry and number of
pulses during laser- polymer ablation process. For polymers in general, it has
been proposed that laser irradiation causes heating of the upper layer of the
polymers. The corresponding temperature increase can be estimated by
solving the heat conduction equation. Accordingly, a two dimensional finite
element model (FEM) is performed to predict temperature distribution and
ablation depth in CR39 during 193nm ArF laser ablation process.
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2.2.1 Finite Element Modeling (FEM)

In this work, ablation process is simulated using ANSYS 11 [158],
elements of plane 55 with a two dimensional thermal conduction capability
are used for analysis, each element has four nods with a single degree of
freedom, temperature, at each node. The element is applicable to steady state
or transient thermal analysis. Fig. 2.1 shows the modeling approach layout.
Sequentially, the time dependent problem is solved for an ArF laser with a

top- hat beam profile of 15nsec. pulse duration and 1 Hz pulse repetition rate.

FEM through ANSYS software
4 I
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Fig.2.1: FEM of laser- polymer ablation
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2.2.2 Sample description
The geometry of sample with dimensions of 10 mm x1.5 mm is shown

in Fig.2.2.
Incident Laser

Fig.2.2: Sample Geometry

The size of each element is assumed to be 50 um x 50 um which is
small compared with size of laser irradiation region. To reduce the program
processing time, and due to symmetry along center of the beam, one half of
the rectangular sample is simulated. The analysis time is too short, so heat
transfer with surrounding air is ignored. Also, the convective heat transfer is
not affected the temperature change.

The boundary conditions of Fig.2.2 are given by the following equations:

T(x,t)|,=0 = To along boundary BC (2.1)
T(x,t)|x=0 =T along boundary AB (2.2)
—K(T) = 2—2 |x = 10mm along boundary CD (2.3)

Where Ty is the sample initial temperature.

2.3 Laser ablation experimental setup

For generating Laser Induced Periodic Surface Structure (LIPSS) on
surface of CR39 polymer via ablation process, a Lambda Physik Excimer
laser (LPX 220i) operated at wavelength of 193 nm is used. The ArF laser
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produces a maximum output energy of 275 mJd/pulse with 15 ns pulse
duration that is spatially distributed over 9mm x 25 mm beam area with 1
and 3 mrad full angle beam divergence in narrow and long dimensions
respectively. The beam profile is uniform in x- direction and top- hat in y-
direction. The repetition rate is set at 1 Hz to avoid unwanted heat
accumulation on the surface. Fig 2.3 shows configuration of laser ablation
experimental setup. In order to obtain identical irradiation areas, the excimer
laser beam cross section is masked to a rectangular shape of 9 x 20 mm?
using a homemade aluminum mask at a distance of 15 cm from the output
aperture and is focused on samples through MgF, cylindrical lens with 25cm
focal length and 30 x 25 mm? dimensions .The lens sample distance is
adjusted to achieve the desired laser fluence where the sample is inserted in
a computer assisted 3D translational mount with 1 um spatial resolution. The
measurements of absolute pulse energy is performed using a calibrated
pyroelectric energy detector. The corresponding laser fluences are calculated
through dividing the laser pulse energy on the ablated area of sample.
Production is performed in air at ambient atmospheric with 10, 100 and 1000

pulses and laser fluences range 240 mJ/cm? to 2000 mJ/cm? range.

ArF laser
Mask
Sample
Cylindrical
lens Energy
detector

Fig.2.3: Experimental setup of Excimer laser ablation experimental.



38

2.4 Materials
The polymer chosen for this study is CR39 with dimensions of 10 x
10 x 1.5 mm?. Table 2.1 lists the necessary thermal parameters of pristine
CR39 that used in this work, the other unknown parameters are measured

experimentally as will be shown later in the present chapter.

Table 2.1: Thermal parameters of CR39.
Thermal conductivity, K (W/m.K) | Specific heat, C, (J/Kg.K) | Density, p (kg/m?)
0.2 [159] 2300 [159] 1320 [160]

For the experiment conducting, the nanostructured substrates are
coated with gold (99.99% purity, Quorum Technologies) layer with
thickness range from 5 — 50 nm. For SERS characterization, thiophenol (TP)
(CsHsS) (99%, sigma-Aldrich) with a molecular weight of 110.19 g/mol and
a density of 1.08 g/cm? is chosen as an analyte molecule. In order to measure
SERS signal, the molecules of analyte must deposit on the surface of SERS
substrate (nanostructured polymer surface), as close as possible to the hot
spots molecules. Consequently, a drop of 100 uL solution of thiophenol
diluted in ethanol (100%, Hayman specialty products) is poured onto SERS
substrate and dried in air. Typically, 100 nM, 100 uM and 100 mM
concentrations of thiophenol solution in ethanol followed by rinse with
ethanol to remove unboned molecules then the average of spectra is
measured at three random locations on the SERS substrate for each
concentration of thiophenol. For biosensing applications of the produced
SERS substrate, methylene blue (MB) (C16H1sCIN3S) solid from central
drug house India with a molecular weight of 319.85 g/mol is used in this
work as a water contaminant. To perform that, a drop of 100 pL solution of
100 uM, 10 uM, 1 uM and 0.1 uM concentrations of MB diluted in
Deionized water (D) is poured onto SERS substrate and dried in air followed
by rinse with ethanol to remove any debris then the average of spectra is
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measured at three random locations on the SERS substrate for each
concentration of MB.

2.5 Material characterization
2.5.1 UV- Vis. Spectroscopy

The UV-Vis. analysis of a pristine CR39 sample of 1000 um thickness
Is carried out using UV- Vis. shimadzu Spectrophotometer (UV-1800) to
obtain the sample spectra. Information are recorded in the absorbance mode
in the wavelength range 190 -1100 nm.

Based on UV- Vis. Spectrum of CR39 polymer shown in Fig. 2.4,
CR39 apparently has low absorption at wavelengths in the range 350- 1100
nm but significant absorption below ~225 nm. At 193 nm the linear
absorption coefficient (a;;;,) is estimated to be 26.976 cm™ suggesting that
CR39 has a good absorption in the deep UV. As will be seen later CR39 can
be ablated with fluence of ~ 250 mJ/cm? at 193 nm. For ablation at the longer
wavelength of 248 nm KrF Excimer laser, where CR39 has a low absorption
(estimated at ~ 11.07 cm?), ablation threshold is shifted to a much higher
value of 6 J/cm? [161]. From the calculated value of a;;, at 193 nm, the

related extinction coefficient and reflectivity are determined.
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Fig. 2.4: UV- Vis. Spectrum of CR39.

2.5.2 Thermogravimetric analysis (TGA)

The decomposition temperature of a 23.4 mg of pristine CR39 sample
at low heating rates (10 °C/min) is investigated by thermogravimetry at quasi
equilibrium condition. Linseis (STA PT1000) is a simultaneous thermal
analyzer with an exchangeable measuring systems TG — DTA/DSC

In terms of the thermal stability, the CR39 polymer sample is
decomposed at 189 °C (463 K) and 233 °C (507 K) as indicated by the
temperatures for 10 and 20% mass loss acquired from a thermogravimetric
analysis (Fig.2.5). CR-39 is a thermosetting plastic and cannot be melted in
general. But when laser pulses interact with sample, a lot of processes due to
photothermal, photochemical occurs and consequently leads to
depolymerization of polymer into mixtures of monomers just on the surface
of sample and finally change the optical and the thermophysical properties.
However, the exact nature of the decomposed product is not well analyzed
yet but the products of laser induced decomposition are available in liquid

[162]. A correlation between behavior of pulse laser heating and quasi
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equilibrium behavior is not trivial but would be very assistant. A special
designed setup and sophisticated data analysis are required for
characterization on time scale of pulse laser experiment. Comparison on time
scales of quasi equilibrium are in contrast a standard measurement
procedure. In this work, thermal decomposition for the applied laser pulse is
assumed to start at temperature similar to the start of decomposition in

thermogravimetry.
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Fig. 2.5: TGA plot of CR39 polymer

All the obtained and determined parameters of CR-39 polymer are

summarized in table 2.2.

Table 2.2: Parameters of CR-39 polymer

T 10% loss T 20% loss aiin [cm?] KI-] RL]
[K] K] at 193 nm at 193 nm
463 507 26.976 414.3x1077 0.547

2.5.3 FTIR Spectroscopy
FTIR spectroscopy with attenuated total reflectance (ATR) accessory

IS used to investigate the chemical modifications of sample surface due to
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Excimer laser ablation experiment. The IR transmission spectra of both
unirradiated and irradiated samples are recorded using a Thermo scientific
(Nicolet IR100) FTIR spectrometer and spectra — tech foundation
specul ATR attachment in range 500-4000 cm™ with a spectral resolution of

4 cml,

2.6 Metal layer deposition

As previously mentioned, the SERS effect depends on the interaction
between a molecule and a nanoscale metal particle. This works concentrates
on the formation of nanostructured polymer substrate therefore it must be
coated with metal to function as a SERS biosensors. Moreover, coating are
also required to prevent charging effect when using SEM. Prior to metal
coating, all samples are ultrasonically cleaned with ethanol and deionized
water then dried in ambient air to remove any residual debris. The Quorum
high resolution turbomolecular- pumped coating system (Q150T ES) is
utilized to deposit a thin layer of gold metal onto the nanostructured polymer
surface. The system is equipped with layer Thickness Monitor (FTM) which

control thickness of the deposited layer.

2.7 Analysis of nanostructured surface

The commonly used techniques to investigate the morphology of
LIPSS are to implement a direct microscope imaging of the surface by
techniques like SEM or AFM. The nanostructures visualization in real space
Is advantageous since it allows direct assessment of the pattern morphology.
A CamScan (MV2300) SEM is used to examine nanostructured surface
morphology precisely with secondary electron imaging mode and an
accelerating voltage of 20 KV.

The average roughness of nanostructured surface is measured by

contact mode of Angstrom advanced (A3000 AFM). The imaging are
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analyzed with a digimizer image analysis software to measure the periodicity
and height of the produced nanostructured surface due to laser ablation.

2.8 Surface Enhanced Raman Scattering (SERS) measurements

The second part of the main thesis aim is to investigate the
convenience of the fabricated nanostructured polymers surface for the SERS
in biosensing applications. For SERS measurements, a few steps are
required:

1- Raman spectrometer with a suitable laser wavelength for analyte
excitation, collecting of scattered Raman signal and identification by
intensity measurements at different wavelengths.

2- Analyte that achieves Raman scattering.

3- SERS substrate which enhances the weak Raman signal.

A Holmarc (HO-ED-S06) laser Raman spectrometer is utilized for
Raman measurement. The excitation source is emita 40mW at 532 nm Diode
Pumped Solid State (DPSS) laser. Raman spectra are acquired in a 90°
scattering with an objective of 0.09 Numerical aperture (NA). SERS
measurements of TP and MB are performed from three different places

across the whole nanostructured area and the averaged value is adopted.



CHAPTER THREE

Results and Discussion
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3.1 Introduction
In this chapter, the simulation and experimental results of 193 nm ArF
laser ablation of CR39 polymer are presented and discussed. In addition, the
mentioned data for Fourier Transform Infrared (FTIR) Spectroscopy, UV-
visible spectroscopy, Scanning Electron Microscope (SEM), and Atomic
Force Microscopy (AFM) are shown. Finally, the performance of the
produced SERS substrate are given through Thiophenol (TP) as an analyte

molecule and methylene blue (MB) as a water contaminant.

3.2 Simulation program results

Based on heat transfer model which is implemented using ANSYS 11
program, the CR39 polymer surface is supposed to be heated with a single
and repetitive 193 nm ArF laser pulses for range of fluences. The simulation
results for temperature profile across depth of sample is shown in Fig. 3.1.
The ablation depths acquired from the analysis for a single laser pulse with
fluences of 750 and 2000 mJ/cm? are 51.5 and 127 nm respectively while for
repetitive laser pulses with the same fluences values, the obtained ablation
depths are 457 and 1101 nm respectively. The size of the removed material
is enlarged as the laser fluence is increased for both cases (single & repetitive
laser pulses). For a top-hat beam, the profile of the ablated surface is almost
flat except at the edge of the beam cross- section, due to heat conduction in
the lateral direction, the profile of the edge seems to be curvature. It is
evident that the maximum reached temperature through CR39 polymer tends

to decrease with depth increasing.
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Fig. 3.1: Temperature profile of CR39 polymer for single pulse [a- 750 mJ/cm? &
b- 2000 mJ/cm?] and repetitive pulses [c- 750 mJ/cm? & d- 2000 mJ/cm?]

(Temperature scales in kelvin (K)).

The variation of the surface temperature of samples as a function of
number of laser pulses under different laser fluences is obtained, the result is
plotted in Fig. 3.2. From this figure, at low laser fluences, the rate of surface
temperature increases with the pulse numbers is comparatively low since less
amount of energy is obtainable. As the fluence increased to a value equal or
more than 1000 mJ/cm?, the rate of temperature elevation with pulse number

is also increased.
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The crater depth for single and repetitive laser pulses as a function of

laser fluence for CR-39 polymer irradiated with 193 nm single laser pulse is

presented in Fig. 3.3. It is observed that the ablation threshold occurs at laser

fluence of 750 mJ/cm?. At a fluence greater than 1000mJ/cm?, a slight

increment in ablation depth is noticed, it may be due to increment of thermal

contribution in ablation process. In the case of a repetitive laser pulses, the

ablation threshold is dropped to a value of 240 mJ/cm?. For a fluence equal

or more than 750 mJ/cm?, the thermal influence become significant together

with photochemical effects and the ablation depth showed an abrupt

increase. Many studies of excimer laser ablation of polymers have been

confirmed that at low fluences, thermal effects are negligible where

photochemical models appears to work well while at higher fluences,

thermal effects become significant [82, 101, 163].
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Fig.3.3: Ablation depth versus laser fluence for CR39 polymer.

Accordingly, the threshold fluence is presented in response to number
of laser pulses as shown in Fig. 3.4, where the ablation threshold is modified
from 750 mJ/cm? in case of a single laser pulse to a value of 240 mJ/cm? for

five laser pulses.
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Fig. 3.4: Threshold fluence dependence on number of laser pulses for CR39

polymer.
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3.3 ArF laser ablation
The ablation sites produced in CR39 polymer upon 193 nm ArF laser
irradiation is quantitatively characterized utilizing the SEM micrographs.
The side view of obtained sites gave ablation depth information allowing
estimates of the etch rates and ablation threshold of CR39 polymer ablated
at 193 nm ArF Excimer laser. Fig. 3.5 shows both the simulation and
experimental results of ablated crater depth versus logarithmic laser fluence

at 10 laser pulses.
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Fig. 3.5: Calculated and experimental results for crater depth versus log laser

fluence at 10 laser pulses.

The crater depth given by the simulation is in a good agreement with
the experimental results. However, simulation results show an increase in the
crater depth with the incident laser fluence, while, practically is not, as the
number of laser pulses increase the beam focusing position with respect to
sample is varied so that the fluence is varied also which affect the resulting
depth of the crater. The ablation threshold fluence (Fi) and the effective

absorption coefficient(a,f) are obtained by fitting the ablation rate versus
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laser fluence line (Fig. 3.6) using eq. 1.21. The ablation threshold of 250 +
10 mJ/cm? obtained for CR39 sample appears close to that reported for the
same polymer with different laser irradiation setup, where the ablation
threshold is about 300 mJ/cm? [164]. The obtained ablation threshold is
found to match considerably well with simulation results for the case of

repetitive laser pulses.
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Fig. 3.6: Ablation rate (nm/Pulse) versus log laser fluence at 10, 100, 200 laser

pulses respectively.

The effective absorption coefficient is calculated to be 3.9 +0.3*10°
cmL. It is different from linear absorption coefficient («;;,,) of the polymer,
it's value is 26.976 cm, that determined from the transmission behavior of
UV —Vis. absorption spectrum of CR39 polymer under low irradiation
fluence, which suggests that during the ablation process the laser light
penetrates the polymer less than that expected from the linear absorption

coefficient. It has been reported that a,s¢ could be many order of magnitude

higher than (a;;,,) [165].
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3.4 Physical modifications
3.4.1 Surface modifications prior and during ablation
The morphology and topography of CR39 polymer surface is
investigated by SEM and AFM respectively. Fig. 3.7 shows the SEM

micrograph of a non- irradiated sample.

Fig. 3.7: SEM micrograph of a non-irradiated CR39 polymer

It can be observed that the sample surface is almost smooth and the
corresponding surface roughness (R,), as determined by AFM, given by
deviations of arithmetic average in height from the sample center plane is
around 2.5 nm.

The rectangular ablation site with an area of 5.923 mm? due to 193 nm
ArF Excimer laser ablation using 50 pulses at a fluence of 400 mJ/cm? is
shown in Fig. 3.8. The surface around the ablated area is seen to be clean
with no evidence of debris or thermal damage which indicating that the
photochemical ablation process is dominant and a good quality surfaces can

be produced when ablating CR39 polymer at this laser wavelength.
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Fig. 3.8: SEM micrograph of irradiated CR39 sample using 50 pulses at 400

mJ/cm?.

For CR39 irradiation with fluences below the threshold of ablation, no
remarkable alteration on surface morphology more than a grains spread on
the surface even if the number of pulses is reached up to 2000. Fig. 3.9 shows
an SEM image of CR39 at fluence of 100 mJ/cm? with 2000 laser pulses.

Fig. 3.9: SEM micrograph of CR39 at a laser fluence of 100mJ/cm2 with 2000 laser

pulses.
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This results agreed with other references stated that CR39 is resistant

to present a morphological alteration at low UV irradiation while an obvious
modification of its properties carry out over high UV irradiation [161].
Actually, CR39 is a threshold dependent polymer that exhibits a progressive
formation of various micro- and nano- structures after a successive number

of ArF laser pulses.

3.4.2 LIPSS formations

The treated areas above ablation threshold reflect major
morphological changes as shown by SEM images depicted in Fig. 3.10 (a) —
(f) at a laser fluence of 650 mJ/cm? while holding the laser parameters
unchanged whereas the number of pulses (N) vary as 200, 400, 750, 1200,
1500 and 3000 respectively, In particular, the morphology comprised of
three types of laser induced periodic surface structures (LIPSS): entangled
nanochains microstructures at low energy dose (2.4 — 150 J/cm?) and
contours having a progressively increasing radius with energy dose at
moderate level (200 - 500 J/cm?) then the grooves patterns are gradually
aligned at energy dose > 500 J/cm?. It is worth emphasizing that these surface
structures are formed at the crater bottom of the CR39 sample. It is
commonly accepted that the interference between the incident laser beam
and the surface- scattered wave play an important role in LIPSS formation
[116,119] and this interfacing resulting in a modulated distribution of the
energy on the surface. For polymers, some authors have been proposed that
the modulated energy disposal on the surface induces a similarly modulated
substrate heating [116, 166]. For CR39 polymers, the subsequent gradients
of temperature allow diffusion of polymeric chains and, as consequence,
entangled nanochains microstructures is evolved on the polymer surface.
After repeated cycles of heating and cooling, due to increasing number of
pulses, accumulation of polymer motion leads to the formation of grooves

pattern.
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(d)

(f)

(e)

Fig. 3.10: SEM micrograph of irradiated CR39 samples with 650 mJ/cm? at a) N

1200, e) N= 1500, f) N= 3000 coated with gold

d) N=

750,

200, b) N= 400, ¢) N

layer.
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Although there is no laser ablation below Fy = 250 mJ/cm?, however

the LIPSS produced after five to ten laser pulses. Recently, some
publications have reported that in order to obtain LIPSS in amorphous
polymers a minimum fluence value is necessary to ensure that the surface
temperature exceeds the characteristic glass transition temperature (T) of
the polymer therefore allowing polymer chain to rearrange [29, 115, 150]. In
the case of semicrystalline polymers, not only the glass transition
temperature is governed the thermal properties but also the melting
temperature (Ty). It means that, to obtain LIPSS, the temperature of sample
surface must be higher than T, and as a result superficial crystallites are
melted which provides enough polymer dynamics [114] and the
redistribution of the material [167]. The same model may be employed for
CR39 polymer too since it is considered as semicrystalline polymer [168].
According to simulation results, it is shown that for CR39 irradiated with a
fluence of 240 mJ/cm? at single laser pulse, the highest attained surface
temperature is 351 K, which is below the decomposition temperature of
CR39. However, for irradiation at the same fluence but with five laser pulses,
a layer of around 19 nm heats to a temperature above decomposition
temperature. Accordingly, to obtain LIPSS in CR39 polymer, it is suggested
that the minimum required number of laser pulses, at a fluence of 250
mJ/cm?, is about five to ensure that the surface temperature overcomes the

decomposition temperature.

3.4.3 Measurement of Roughness, periodicity and height

In order to investigate roughness of the ablated surface and the
relevant alteration of periodicity and height of the produced LIPSS, a three-
dimensional (3-D) AFM images of CR39 samples is depicted as shown in
Fig. 3.11. The topography images is acquired in the center of the ablation

area.
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Fig. 3.11: 3-D AFM images of irradiated CR39 samples at 1200 laser pulses with a
fluence of a) 300mJ/cmz2, b) 750 mJ/cm2, ¢) 1250 mJ/cm2.

Generally, a number of laser parameters can be used to modify the
periodicity of LIPSS in polymers [169, 151, 115]. For CR 39, LIPSS with a
period of 630- 822 nm can be obtained by changing the laser fluence from
300- 2000 mJ/cm? at 1200 laser pulses (Fig. 3.12). It is observed that the

periodicity increases in the fluence range 300- 1000 mJ/cm? then remains
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nearly constant up to 2000 mJ/cm?.The height of the LIPSS follows a similar

tendency as a function of laser fluence, increasing up to 186 nm at 1000

mJ/cm? and then it gets plateau as shown in the inset of Fig. 3.12.
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Fig. 3.12 Variation of periodicity (nm) of LIPSS versus incident laser fluence

(mJ/cm2) for 1200 laser pulses.

The period of LIPSS also exhibit dependence on number of pulses, as

reported by studies [170, 29]. Fig.3.13 shows a linear increase in the

periodicity of LIPSS for a range of number of pulses from 750- 2500 at a

fluence of 650 mJ/cm?. Regarding LIPSS height, (shown in the inset of Fig.

3.13), similar to what is observed in the dependence of periodicity with

number of laser pulses, it increases up to 186 nm for 2500 pulses.
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Fig. 3.13: The periodicity of LIPSS (nm) versus number of pulses at a fluence of
650 mJ/cm?.

The results indicate that the periodicity of the produced LIPSS is not
depending on the wavelength of the incident laser where the produced LIPSS
shows a periodicity about four times greater than incident laser wavelength.
Only a few studies on the formation of LIPSS with a periodicity larger than
the laser wavelength are reported by researchers. These LIPSS usually
referred to as "grooves" [171] were observed in metals [172],
semiconductors [171] and polymers [151,164]. To the best of our
knowledge, there are a few papers proposed grating coupling as an
explanation for groove formation [172]. From a practical point of view, it is
concluded that these structures can be written reproducibly, homogeneously
over a large area with a period can be selected in the range from 630-822 nm.
Also, the roughness of the produced LIPSS, R, given by the arithmetic
average of the deviation in height from the center plane of polymer sample
Is measured and its dependence on the laser fluence for 1200 laser pulses is
plotted in Fig. 3.14. It is observed that for a laser irradiation below ablation

threshold, typically 125 mJ/cm? gives R, equal 3.7 nm, there are no
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significant change neither in morphology nor in surface roughness in
comparison to unirradiated polymer surface. For the fluencies above ablation
threshold, pronounced difference in surface roughness is revealed till it
reached to a 1500 mJ/cm? where a slight increase in surface roughness is
observed. A similar results are obtained for the dependence of surface
roughness on incident laser fluence, upon KrF Excimer laser irradiation of

polymeric fiber, was reported [173].
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Fig.3.14 The surface roughness (nm) versus laser fluence (mJ/cm2) for 1200 laser

pulses.

3.5 Chemical modifications

Together with the physical modifications induced due to 193 nm laser
irradiation, chemical modifications can take place also. The analysis of
unirradiated and irradiated CR39 polymer with a fluences smaller than F,,
125 mJ/cm? at 100 and 400 pulses and with a fluence greater than Fy,, 800
mJ/cm? at 100 and 200 pulses by ATR- FTIR spectroscopy is shown in Fig.
3.15.
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Fig. 3.15 FTIR spectrum of unirradiated and irradiated CR39 Polymer at 125
mJ/cm?with N=100 and 400 and 800 mJ/cm? at N= 100 and 200.

For the irradiated sample at 125 mJ/cm? with 100 pulses, it is observed
that the transmission is decreased over the whole mid- IR region and
decreased more upon irradiation at the same fluence with 400 laser pulses.
This decrease in transmission is assigned to an accumulation of
carbonaceous species in and around irradiated area [174,175]. While for
irradiation at 800 mJ/cm?with 100 pulses, the transmission is increased over
the whole mid- IR region and is continuing in increasing upon pulse number
increasing and a slight shift in the band at 2940 cm™ toward a lower
wavenumber is also observed. This modifications is attributed to bond
scission and cross- linking process that finally produce a new composition
[90]. Also, a new band in the region 3500- 3700 cm* (OH band) is formed
upon 193 nm irradiation and even below ablation threshold. It has been
reported that for several polymers the oxygen concentration can change upon

irradiation in air with low fluences [169, 176,177] and in the particular case
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of LIPSS formation, surface oxidation has also been reported for irradiation
of different polymers with UV pulses in the nsec. regime [118].

3.6 SERS characterization

The SERS enhancing properties of nanostructured CR-39 polymer
surface coated with gold (Au) metal layer have been tested using Thiophenol
(TP) as a probe molecule. TP used as a model system, which has widely been
studied to evaluate the conductivity between metallic electrodes and the body

of conjugated molecules [178].

3.6.1 Detection of Thiophenol (TP) analyte
The Raman spectrum of the supplied TP liquid in a cuvette and the
spectrum of a drop of TP poured onto unirradiated CR39 substrate and dried

in air substrate is shown in Fig. 3.16.
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Fig. 3.16: Raman spectra of Thiophenol (TP) (99% purity) in liquid and on CR39

substrate. The spectrum has been shifted vertically for clarification.
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The spectrum of TP as supplied exhibits the characteristic bands that

are belonged to its molecular vibrations [179,180]. For the TP poured on the
surface of CR39 sample, no Raman signal of TP is recognized and only a
band in 2945 cm that attributed to CR39 sample is detected [181].
Self- assembled monolayers of pure and functionalized alkylthiols on metals,
especially on gold, have been practically widely investigated [134, 182,183].
At the molecular level, these systems have facilitated investigations and
added extensive fundaments insight to this field. This approach is used here
to generate a monolayer of thiophenol (TP) to estimate the SERS activity of
the produced substrate. In particular, the interaction of TP with gold surface
causes variations in the Raman bands of the TP in terms of frequency shift,
change of relative intensity or disappearance of some of the bands with
respect to the spectrum in solution which is related to the surface
enhancement mechanism and molecular orientation [184, 26,185]. Most
prominently, bands recognized in the spectrum of TP liquid at 918 and 2570
cm! that ascribed to the stretching and binding vibrations of the S-H bond
respectively are disappeared in the spectrum of gold coated nanostructured
CR39 substrates. This observation suggests that TP is chemisorbed
dissociatively on the substrate surface by rupture of the S-H bond as
mercaptide (Ces HsS) [179, 186]. This effect, together with intensity
enhanced of bands shifted from 1094 to 1074 cm™ and from 1584 to 1572
cm? (Fig. 3.16 blue line), belonged to a change of the adsorbed molecules
environment, give supporting evidence of the bonding of TP anion to the
gold surface through the sulfur atom, indicating the formation of a monolayer
at the surface [179].

Fig. 3.17 compare the Raman spectra obtained for a TP (100uM
concentration) acquired on 30 nm gold coated irradiated CR39 substrates
with 650 mJ/cm? at 100, 200, 1200, 1500 and 3000 laser pulses respectively.
As expected, the SERS intensity is dramatically improved due to the

existence of LIPSS on polymer substrate underlying the gold layer and this
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enhancement is depending on the variation of the morphology of polymer

substrate. It has been reported that gold nanoparticles coating nanostructured
polymer film that prepared by spin coating on silicon wafer enhanced the
Raman signal around ten order of magnitude while a negligible Raman signal
Is obtained for TP concentration of 9 M on silicon wafer [187]. The
enhancement of the Raman signal can be attributed to the electromagnetic
enhancement mechanism which is direct consequence of hot spots created

by agglomeration of the deposited gold nanoparticles [188].
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Fig. 3.17: SERS spectra for TP at a concentration of 100 pnM on gold coated
irradiated CR39 substrate with 650 mJ/cmz2 at 100, 200, 1200, 1500 and 3000 laser
pulses respectively. Spectra have been consecutively shifted vertically for

clarification.

3.6.2 SERS- enhancement factor (EF) for TP

The SERS enhancement factor is determined by using equation (1.13).
To estimate values of signal intensity for both SERS (Isggs) and normal
Raman scattering (Izs), the SERS intensity of the strongest TP band at 1074
cm? is compared with the corresponding band measured from liquid TP, as
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proposed [189]. For normal Raman measurement, the number of
contributing molecules (N,,;) is calculated by determining the number of
molecules situated in the focal volume which is about 4.74*10%* molecules.
For SERS measurement, the number of molecules contributing is calculated
by estimating the number of molecules in the focal spot, which is about
0.86*10'* molecules for 100 pM concentration of TP. The Enhancement
Factors of SERS substrates for TP at 100 uM concentration are compared on
different LIPSS morphology that produced using ArF laser pulses and coated
with 30 nm gold (Fig. 3.18).
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Fig. 3.18: Enhancement factor of SERS substrate for TP at a concentration of 100
pM on 30 nm gold coating as a function of LIPSS morphology.

An accurate speculation of enhancement factor of SERS is not easy to
determine. The SERS equations that stated in (section 1.3.3) calculate the EF
by comparing the normal Raman scattering and SERS signal counts for the
number of contributed molecules. When measuring the normal Raman signal
from a solution, an acceptable accurate speculation of the total number of
contributing molecules is made through calculation of the system focal

volume. However, for SERS signal, it is quite challenging to find the exact
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number of molecules that adsorbed on the nanostructured surface. Instead of
that, a speculation of number of contributing molecules that might suit into
the focal plane is utilized. Nevertheless, for the goal of completeness, the EF
for SERS substrate is speculated and the highest obtained values are for
LIPSS of grooves like structure. It is found to be in the range from 0.9*108
to 2*108 which is four times greater than that reported for gold coated LIPSS
that generated on thin PTT film upon 193 nm ArF laser irradiation [190]. A
comprehensive study on SERS enhancement factor demonstrated that the EF

only need to be 107 for a single- molecules sensitivity [191].

3.6.3 Effect of LIPSS parameters on SERS intensity

To get a better understanding of the effects of morphological
alterations of polymer surface, upon laser irradiation, on the enhanced
Raman signal. Fig. 3.19 exhibited the variation of SERS intensity of the
strongest Raman band of TP at 1074 cm™ for a concentration of 100 uM as
a function of surface roughness, periodicity and height of the LIPSS that
obtained through irradiation at a fluences of 300, 400, 750, 850 and 1000
mJ/cm? with 1200 laser pulses. These results suggest that, the LIPSS with
highest values of surface roughness, periodicity and height gave the highest

Raman enhancement.
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Fig. 3.19: Relation between SERS intensity of the strongest Raman band of TP at
1074 cm-1 for a concentration of 100 pM and surface roughness, periodicity and
height of the LIPSS that obtained through irradiation at a fluences of 300, 400,
750, 850 and 1000 mJ/cm2 with 1200 laser pulses.

3.6.4 Effects of gold layer thickness on SERS activity
The SERS intensity increases with Au layer thickness deposited on
ripples has been demonstrated [192,193]. To explore if there is any relation
between SERS activity of the produced LIPSS and thickness of coated gold
layer, SERS measurements of the strongest Raman band of TP at 1074 cm'?
with a concentration of 100 uM acquired on gold coated LIPSS, that
produced due to irradiation at a fluence of 1000 mJ/cm? with N= 1200, are
performed for various thickness of Au (Fig. 3.20). It is showed that the
Raman signal of TP is dramatically enhanced with increasing of thickness of
Au layer. This may be in a good agreement with the fact that with small
thickness of gold layer, nanoparticles layer are obtained and with thickness
increasing the distance between these nanoparticles are decreased. Research
studies on silver and gold nanoparticles have shown that as the gap between
the particles decreases, there is an increase in the EM intensity, a large
number of hot spot is existed, which leads to enhancement of Raman signals
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[194-196]. However, the Raman signal decreases rapidly when the thickness
of gold layer is more than 30 nm and this may be attributed to transformation
of nanoparticles layer to continues or large particulates which signifies a

lower amount of hot spot.
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Fig. 3.20: Comparison of SERS intensities of TP at 1074 cm-1 with 100 pM
concentration acquired on gold coated LIPSS, that produced due to irradiation at
a fluence of 1000 mJ/cm2 with N= 1200, are performed for various thickness of

gold coating .

3.6.5 Sensitivity of SERS substrate

The Sensitivity is an important figures of merit for SERS substrates
and to evaluate the Raman enhancing capability of the produced LIPSS
substrate as SERS sensor. Solution of TP with different concentrations are
used to study the SERS sensitivity of the LIPSS substrates. Fig. 3.21 shows
the Raman intensity of TP at 1074 cm, acquired on gold coated LIPSS
substrates that obtained through irradiation with 2000 mJ/cm? and 1200 laser
pulses, versus TP concentration. These results clearly show the ability of the
produced substrate to exhibit a measurable Raman signal even with a TP
concentration of 10 nM.
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3.7 Applications of SERS substrate
3.7.1 Detection of Methylene Blue (MB) traces in water

One of the important applications of SERS is for detection of
contaminants in drinking and agricultural water. Unlike other techniques
such as IR absorption spectroscopy, SERS is comparatively insensitive to
the presence of water molecules. As such, contaminants can be specified
from the collected spectrum. Accordingly, a test is performed to determine
if the produced SERS substrate may detect Methylene blue traces in water.
Figure 3.22 exhibits the normal Raman spectrum of 1mM methylene blue
aqueous solution. It can be seen that, only a part of Raman bands are
recognized, such as at 449, 502, 772, 1181, 1395 and 1623 cm™. Both the
bands at 449 and 502 cm? are belonged to C-N-C skeletal bending
vibrations. While the other bands are belonged to C-H out of plane bending
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vibration, C-N stretching, CHs; deformation and C-C ring stretching

Raman intensity (a.u.)

respectively [197].
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Fig. 3.22: Normal Raman spectrum of 1mM methylene blue (MB) aqueous

solution.

Among many SERS substrates that produced during this study, the
SERS substrate of 30 nm gold coated LIPPS of grooves like nanostructures,
produced due to irradiation of 2400 J/cm? energy dose, gives the strongest
enhancement effect and is elected here for detection of MB traces in water
as shown in Figure 3.23. It exhibits the SERS spectra of MB adsorbed on the
substrate with a concentration ranging from 100 down to 0.1 uM. In
comparison with normal Raman spectrum of methylene blue aqueous
solution (Fig. 3.22), good quality and high well-resolved SERS spectra are
achieved for MB adsorbed on the substrate where the characteristic bands of
MB at 449, 502, 1395 and 1623 cm™ are recognized at concentration as low
as 0.1 uM. No MB features is identified for 0.01 uM concentration. The
major bands of SERS and normal Raman scattering of MB are consistent
where there are no blue or red shift detected in the SERS of MB but there are
an alterations in the relative intensities of the characteristic bands of SERS
in comparison with normal Raman scattering. These relative intensities
alterations of characteristic bands is belonged to interaction of MB molecules

with active metal surface.
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Fig. 3.23: SERS spectra for MB at a concentration of 100, 10, 1 and 0.1 pM on 30
nm gold coated LIPPS of grooves like nanostructures produced due to irradiation
of 2400 J/cm2 energy dose . Spectra have been consecutively shifted vertically for

clarification.

The relative intensity of major characteristic bands of SERS at 449,
502, 1395 and 1623 cm™ is increased as MB concentration is increased as
shown in Fig. 3.24. It is evident that there is a high linear relationship
between intensity of each of the four characteristic bands and MB
concentration, indicating that it is probably to quantify MB in water through
the produced SERS substrate.
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Fig. 3.24: The relationship between relative intensities of major characteristic
bands of SERS at 449, 502, 1395 and 1623 cm-1 and MB concentration.

3.7.2 Cell adhesion and proliferation

It is established that the modified surface properties due to formation
of LIPPS on polymer surface have the ability to induce an alignment of living
biological cell cultured thereon [148]. Regarding that, there is a trial to
investigate the capability of the produced LIPSS for cell culturing but it is
postponed for future work.



CHAPTER FOUR

Conclusions and Suggestions for

Future Works
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4.1 Conclusions

The main conclusions of the present work are summarized according

to the uniting theme:

The thermal contribution have an important role in 193 ArF laser
ablation of CR39 polymers where the formation of LIPSS at bottom of
the ablated crater is achieved only when the polymer surface
temperature overcomes the decomposition temperature.

The obtained ablation threshold of 250 mJ/cm? is found to match
considerably well with simulation results for the case of repetitive laser
pulses in which it is much lower than that reported using 248 KrF laser
that gives Fy, as 6 J/cm? [161].

The intensity enhancement appears to be more related to the roughness
and height of the LIPPS than the periodicity and that is due to an
increase in effective area which leads to a large number of light
enhancing nano- particles and more scattering of TP molecules bound
to the gold.

The produced SERS substrate has the capability to be utilized as a
SERS biosensor and it’s sensitivity is characterized through detection

of MB at concentration as low as 0.1 uM.

4.2 Suggestions for future work

The work presented in this thesis can be extended in the future to cover

the following research trends:

Investigating the ability of the produced LIPSS as a notch filter for
optical communication systems.
Investigating the capability of the produced LIPSS for cell culturing.
Studying the effect of utilizing ultra-short pulses duration for ablation
of CR39 polymer.
Examining the ability of SERS biosensor to characterize other

biomaterials.
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- Utilizing different types of lasers for irradiation of CR39 to investigate
effect of various wavelengths on the produced LIPSS.
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