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157nm F; laser characterization and application to polymer
ablation

Abstract

The work in this thesis focuses on applications and characterization studies of the
vacuum ultra-violet (VUV) 157nm F, laser. The laser ablation properties of various
polymeric materials, namely polydimethylsiloxane (PDMS), the photo-resist SU-8, nylon 66,
ultra-high molecular weight polyethylene (UHMWPE), Lexan polycarbonate and CR-39
polymer have been investigated. The main priority was given to Lexan polycarbonate and
CR-39 polymer as new potential materials to explore using this laser.

A considerable component of the work is directed at gaining a better understanding of
the underlying physics of the laser interaction in relation to surface modification, in particular
the possible limitations on surface roughness set by mode coherence effects. White light
interferomety, and optical and scanning electron microscopy (SEM) measurements are
carried out to identify the processing conditions for micron scale size structures (cones)
produced on the surface, and the realization of ‘smooth’ and in some instances intentionally
‘roughened’ surfaces after ablation. It is shown that exceptionally well defined conical
structures can be formed on Lexan polycarbonate and CR-39 polymer with certain laser
processing conditions. These cones produce a circular interference fringe system with sub-
micron period adjacent to their base as a result of walls reflections. An ablation model is used
to analyse these fringes, and from the range of fringe visibility it is shown possible to
estimate the spatial coherence properties of the F, laser beam.

A preliminary investigation of ablating CR-39 that had been exposed to an alpha
particle source is described. This polymer is widely used for detecting ionizing particles by
use of chemical etching to reveal their damage tracks. 157nm laser ablation of chemically
etched, radiation exposed samples showed the etched track ‘pores’ tended to be smoothed by
ablation and also appeared to act as nucleation sites for cones.

A fluorescence technique using Lumilass G9 glass plate and a CCD camera was
applied in this work to analyze the VUV laser beam. This required knowledge of using
optical systems, a CCD camera, and capturing and analyzing bmp images for analysis in
MathCAD. Measurements made in this way permit divergence to be found for the direct and
the weakly focussed (asymmetric) laser output beam. Spatial coherence derived in this way is
shown to be in reasonable agreement with that based on the cone interference result. The
fluorescence method is also applied to characterizing small-scale beam fluctuations on the
direct F, laser output beam. These are found to have a magnitude of a few %, a value that
compares quite well earlier theoretical predictions and a simnulation of spatial mode
fluctuations in the narrow line-width, highly multimode F, laser.
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Introduction

CHAPTER 1

INTRODUCTION

The interaction of ultraviolet (UV) radiation with organic polymers has been the subject
of investigation for decades, including photodegradation mechanisms, gaseous products of
UV laser ablation, surface measurements before, during and after ablation and the theory of

polymer ablation [1-4].

A vast number of studies have used physical and chemical techniques to characterise the
surface of organic polymers prior to and during the onset of ablation. One of the factors that
are important is the effects prior to the onset of the ablation. These effects could include
bond-breaking, radical generation and trapping/recombination and thermal heating [5]. These
would be expected to produce a surface layer which has physical and chemical properties that

are modified from the original pristine material.

The work in this thesis was focussed on the interaction of the VUV F; laser emitting at a
wavelength of 157nm with various organic polymers i.e. Lexan polycarbonate, allyl-diglycol
carbonate (CR-39), polydimethylsiloxane (PDMS), SU-8, nylon 66, and ultra-high molecular
weight polyethylene (UHMWPE). The investigation was carried out on the laser ablation
characteristics and the surface quality of the ablated materials. Typically, UV laser ablation
was carried out with a succession number of pulses. The etching of the surface is a linear
function of the number of pulses when the polymer is a strong absorber at the laser
wavelength. For example; for weak absorbers like polymethylmethacrylate (PMMA) at
248nm and polyethylene at 193nm [6]. A microscopic model for ablative
photodecomposition using variety of organic polymers at fluence as little as 10mJem™ was
studied [2], where a model based on a process in order to see if a change in specific volume
will lead to ablation without melting and determine the velocity and angular distributions of

the ablated material. The value of etch depth per pulse is usually averaged over hundreds of
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pulses in order to minimize the uncertainties in the measurement of the etch depth. The
average values for the etch depth per pulse are reproducible to within the uncertainties in the
measurement of the fluence provided the absorption characteristics are well-controlled [6]. At
the early stage of ablation research, the work was focussed on basic scientific understanding
of the process but later more works were concentrated on the application of the polymer

ablation.

Recent developments in cavity design and gas lifetime, together with improved output
energy and reliability, have brought the VUV F, lasers [7] to a position where it can be
considered for industrial applications. The move from ArF lasers (A=193nm) to shorter
wavelength F; lasers (A=157nm), coupled with high purity VUV CaF, optics to operate over
extended time periods, allows the realization of sub 100nm feature resolution to be produced
[8]. This high spatial resolution capability obtained at this wavelength makes it an interesting
source for machining applications, especially for producing micro-optic and micro-

mechanical devices.

During the course of the research presented in this thesis, the following new and

important aspects were discovered and are described:

1. Research on the interaction of 157nm F; laser radiation with Lexan polycarbonate
discovered cones developed on the surface and these led to interference effects in the
form of fringe adjacent region of the base of the cones. The ablation threshold can
be determined from the apex angle of the cones allowing a comparison with the
value obtained from etch rate measurements. The characteristics of the interference
fringes are related with the divergence of the laser amongst other things and this as

will be shown has allowed the spatial coherence be determined.

2. For the first time, the interaction of 157nm laser radiation with allyl-diglycol
carbonate (CR-39) was investigated from the point of view of its ablation
characteristics and the quality of the VUV processed surfaces. It was observed that
exceptionally well defined cones with sharp tips developed on the ablated surface of

this polymer.
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3. CR-39 is a well known polymer used for recording the tracks of ionizing particles,
and here the interaction of 157nm laser radiation with the alpha irradiated CR-39
was studied. Surfaces on which chemically etched damage tracks were formed were

found to initiate cone formation when ablated with the VUV laser.

4. An F; beam characterisation technique based on converting from the VUV to visible
radiation through the fluorescence of a glass plate has been developed. Two-
dimensional beam profiles could then be recorded using a CCD camera and
subsequently analyzed using MathCAD software allowing indirect measurements of

spatial coherence, and beam fluctuations to be assessed.

The following outlines the organization of the thesis;

After the introduction in Chapter 1, Chapter 2 goes on to provide a short review of the
past research on the laser ablation development using 157nm laser with organic polymers.
Chapter 3 describes the 157nm laser ablation characteristics of the polymers used i.e.
polydimethylsiloxane (PDMS), SU-8, nylon 66, UHMWPE and Lexan polycarbonate. The
ablation characterisation focussed more on the Lexan polycarbonate as this found to develop
micro-scale cones on the ablated surfaces. The etch depth per pulse versus logarithmic
fluence plots have been used to determine the ablation threshold of the polymers. The linear
region of the plot can be fitted according to the Beer’s Law. This has given rise to the
suggestion that the absorptivity can be actually measured from the gradient line to give an
effective absorption coefficient [9]. The ablation threshold obtained using this method has
been compared to the threshold obtained by calculating the apex angle of the cones {10]
produced in polycarbonate at 157nm laser. The examples of the capability of 157nm F, laser
in micro-machining organic polymers as nylon 66, polymethylmethacrylate (PMMA), and

Lexan polycarbonate has been explored.

Chapter 4 describes the interaction of 157nm laser with the polymer CR-39. Here, the
laser ablation characteristics and the measurements of ablation threshold from etch rate and

cone apex angles are reported and the methods compared for pristine material. Additional
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work on material that was chemically etched following alpha particle exposure is then

described, where the 157nm laser was used to ablate these physically modified surfaces.

Chapter 5 describes the surface characterization in terms of roughness of ablated PDMS,
Lexan polycarbonate and CR-39. An attempt is made to link theoretical estimates of
fluctuations in the highly multimode F, laser beam with the experimental roughness results
for these materials. The experimental results obtained from white light interferometry were

analyzed on selected cone free regions of the surface of Lexan polycarbonate and CR-39.

F, laser beam characterisation is described in Chapter 6, where the beam profile of the
laser was captured and recorded using a CCD camera. The VUV radiation was converted to
visible fluorescence using a Tb>* doped glass (Lumilass G9). The properties of the beam
profiles captured in this way were then analyzed in MathCAD. This chapter provides
experimental information on the optical set up, the CCD camera calibration and its capability
to record the beam image, and fluorescence saturation effects. The fluorescence technique
used here, will provides the spatial coherence and fluctuations measurements from full-width

half maximum (FWHM) of the beam.

The final Chapter (Chapter 7) presents a summary of conclusions drawn from the
research conducted and also outlines some possible avenues for future work that have grown

out of these activities throughout this work.
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Research Overview

Excimer lasers were first demonstrated in the mid-1970’s where they became progressively
important to many applications and the most powerful practical source of ultraviolet laser
radiation. In the present work, the focus was on the so-called F, ‘excimer’ laser emitting

principally on the 157nm VUYV transition.

Studies of radiative relaxation of excited rare gas atoms and halogen or rare gas halide
(RGH) molecules started as early as 1975 when Velazco [1] confirmed the electronic states in
excimer laser emission and led to the suggestion that RGH molecules might be the source of
efficient laser emission at UV wavelengths. These lasers provided output ranging from near-
UV through the vacuum ultraviolet (VUV), short duration emission pulses, energy measured
at tens to hundreds of millijoules per pulse, and pulse repetition rates sufficient enough to

produce useful average power [3]. Advantages of RGH lasers also include [1]:

i) low density in the cavity medium, which can support high intensities without self-
focussing effects,

ii) that they are scalable to operate in active cavity,

iii) operation at UV wavelengths,

iv) low spatial and temporal coherence minimizing laser speckle and fringe formation
on imaging,

V) operation at high repetition rates,

vi) high pulse energies available from large volume devices (10°D).

The earliest work using the F, laser was published as early as 1977 by Rice et al [4].
They reported the observation of two new emission features following electron-beam
excitation of He/F, and Ne/F, gas mixtures. They obtained both a spontaneous and stimulated
emission band system between 1500 and 1600°A attributed to transitions in molecular
fluorine. A microdensitometer band of spontaneous —emission spectrum of the 1500-1600°A

molecular fluorine band observed in the electron-beam-excited Ne/F, and He/F, mixtures.

It has now been nearly thirty years since the first publication reported using UV excimer
lasers to process polymers in the form of conventional resist and as ‘self-developing’ resist
[5-7]. Srinivasan and Mayne-Banton [6] have reported ablation of polyethylene terephthalate
(PET) using a 193nm ArF laser. Self-developing photoresist using a vacuum ultraviolet F,
excimer laser exposure was reported as early as 1985 by Henderson et al [8], where the
performance of the self-developing resist nitrocellulose was studied with energy density

greater than 25mJem™. Scanning electron microscopy (SEM) indicated little or no residue
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was produced on the ablation area and it was possible to produce a clean, fine line
approximately 200nm wide. This pattern was created by exposing a 180nm thick, 13.25%

nitrogen content nitrocellulose film on Si substrate with two pulses at fluence of ~100mJcm™.

A number of reviews have appeared over the past decade on the progress of research and
development on polymer ablation with UV lasers. For example, as first reported during
1980°s by Srinivasan [9], the ablation process is believed to be a volume explosion in which
small molecules are expelled from the polymer surface. In 1990’s era, a review of various
polymer ablation studies using excimer lasers was reported by Dyer [10]. For example, the
interaction of ArF excimer laser irradiation with polyethylene was reported by Dyer and
Karnakis [11] where a phenomenon called incubation was observed [12] on low density
polyethylene (LDPE) , where the first few pulses were applied to the material gives no
etching. However, after these first few pulses depending upon the fluence, a constant etch
depth per pulse can be seen. At this stage of development a broad field of scientific
applications for laser polymer ablation had evolved and processing, including material

removal, surface modification and film deposition [3], reported.

2.2 Laser Ablation Studies

Studies of laser ablation of the polymer materials started in the early 1980’s with
Srinivasan’s work that used a 193nm ArF excimer laser to etched directly polymeric
materials. Since then [7, 12, 13], research devoted to understanding the science and
developing the technology behind UV laser ablation of polymeric materials has grown to be
surprisingly broad. Emphasis has been placed on the measurement of the ablation rate X as a
function of fluence. A simple analysis based on Beer-Lambert law then leads to the

prediction that:

Xz;h{;_}
RN @.1)

where agy is the effective absorption coefficient at the laser wavelength. Equation 2.1
predicts that X should be linearly related to In F and that the gradient of the line will be a5~
Fr is the ablation threshold found from the intercept with the In F axis.
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Among conventional polymers that are often used in laser ablation studies are
polymethylmethacrylate (PMMA), polyimide (PI), polytetrafluoroethylene (PTFE),
polyethylene (PE), and polycarbonate (PC). UV photo-ablation of organic polymers has two
important characteristics that form parts of on-going research; first, the investigation about
fundamental mechanisms involved in ablation, whether bond breaking proceeds through
direct photochemical or by highly localized thermal reaction [10]. Secondly, the potential of
laser-processed polymeric materials for applications in micro-electronics, opto-electronics

and micromechanical machining [10].

The fundamental characteristics of laser photo-ablation of polymers can be summarized
as [10];

i) A highly localized spatial interaction;
ii) An ablation threshold for significant removal of material;
ii1f) Minimum heat-affected zone (HAZ)

The first point describes the contact or projection techniques experiment from the range
of laser wavelength (A=193nm-350nm, 157nm for the F, laser) with appropriate optics to
produce submicron definition. The third, fourth, and fifth harmonics of the Q-switch
Nd:YAG laser provide potentially alternative wavelength for the same objective. A very
shallow depth of material removal is possible for UV or VUV ablation of many polymers
because of their high absorption coefficient (of order 10*-10°> cm™). It is possible to modify
the surface in a highly controllable way, usually with etch rates of <100nm per pulse [10].
This spatial localization gives a unique advantage to UV lasers for many polymer

micromachining applications.

The ablation threshold F7 (energy per unit area per pulse) (Figure 2.1) is dependent on
the polymer involved and the laser wavelength. The ablation threshold Fr for many polymers
is reported to be in a range of a few tens to a few hundred millijoules (mJ) per square
centimetre (cm?). The absorbed energy density needed to produce ablation can be expressed
as the product of ablation threshold (F7) and effective absorption (a.z). For example; ablation
threshold of polyimide using 157nm laser is found to be 25mJem™, with o= 13pm™ [14].

The surface modification of polymer materials will clearly be restricted to a depth of

order aejf‘l . There are thus benefits in having a large coefficient a4 since [10];

i) This reduces the thermal loading on the polymer surface (Fr o a.; ™)
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il) The initial depth aeﬁ" heated to a high temperature is small, as is any radiation
modified zone

iii) Conduction cooling to the bulk polymer is fast, since ¢ o oy 2,

F< D F>
Fr ; F>Fr . .
» R x=-—In—
2 Finite : High aegry  Fr
E but very ! etchrate
= low etch ,
B rate !
- 1
= '
2 '
m
InF
Threshold fluence, Fy

Figure 2.1: Etch depth per pulse x as a function of In (Fluence) for ablation of polymer when Beer’s
Law is applicable. Fy is the ablation threshold of the polymer and the gradient of the line defines the
inverse of the effective absorption coefficient (o).

2.3 Interaction of UV Lasers with Polymer Materials

It was first reported in 1982 [12], that when a pulsed UV-laser irradiated organic
polymer, the material spontaneously etched away to a depth of 0.1um to several microns.
Where the starting process is to measure the depth of the material removed from the polymer
surface by each of laser pulse, that is so-called etch rate per pulse. Results are now available
on the variation of the etch rate (x) with fluence (F) for a wide range of polymers and laser
wavelengths. The depth of ablation per pulse can be derived by measuring the depth of
ablation crater d, and dividing this by the number of exposure pulses #, giving x = d/n as the

average value.

Srinivasan et al [9] analyzed the etching of several polymers by ultraviolet pulse laser
radiation. Ablation is believed to be a volume explosion, and ablation threshold which is

expressed in terms of ‘useful’ photon density in the ablation volume falls within a narrow

10
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range (+50%). Experimental data which relates the etch depth per pulse to the fluence of the
pulse have been analyzed, where the first attempt to take the temporal width of the laser pulse

was published by Keyes et al [15].

Short pulses of far-ultraviolet (<200nm) laser radiation are capable of etching organic
polymer films without melting the remaining sample. When a pulse of laser radiation
(<200nm) wavelength with a fluence above threshold value irradiates the polymer films, the
material at the irradiation site is spontaneously etched away to a depth of 1000°A or more, in
a process termed ablative photodecomposition [13]. The mechanism proposed for this
ablative photodecomposition occurs in a variety of organic polymers, and attributes ablation

in volume that accompanies the photolysis of the polymer.

2.4 Surface Modification During and Prior to Ablation

A number of studies have been reported characterizing the physical and chemical
properties of the surface of polymers prior to and after the onset of ablation at UV laser
wavelengths. Photoetching can produce a variety of morphological features on the ablation
surface. These include conical structures that have been seen on a variety of polymers under
UV laser ablation, and in polyimide, PET, polyethylene and nylon 66 exposed using the
157nm VUV laser [14]. The ablation threshold can be determined from the formation of the
cones that develop on the surface. To do so the full apex angle 6, of the cone is related to the

ablation threshold, (F7) and applied fluence (F) according to:

8 =2sin™ [M:} 22)

m F(-R@,)

where Ry is the reflectivity at normal incidence to the polymer surface whereas R(6,,) is the
reflectivity loss on the cone wall at the half cone angle (6,/2).The threshold obtained from
this method is often less than ablation threshold by up to a factor of two. Table 2.2 shows the

comparison threshold obtained from measured cone apex angle (F7) and thermocouple

11
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down into the VUV have been reported by Philipp et al [20], so that optical constants
obtained by applying Kramers-Kronig analysis are available for modelling wall reflections
effects. Lexan polycarbonate is used in micro-optical applications because of its superior
resistance to impact and heat and its relatively high refractive index for a commercially
available thermoplastic. There appear to be no previous reports of cone formation on
polycarbonate ablated surfaces at the 157nm F, laser wavelength; this phenomenon is

discussed further in this thesis.

An application using the 157nm F laser for the fabrication of microstructures in polymer
substrates has been studied by Stuke et al [21] using silicon membrane contact mask. This
process allowed the flexible and rapid prototyping of micro-reactors and micro-channel
system for applications in genome analysis and biotechnology. Polymers used were
polymethylmethacrylate (PMMA), polycarbonate (PC) and polystyrene; with fluence applied
~100mJem™ etch rates were 140nm per pulse for polycarbonate and very smooth surfaces
with a roughness in the nanometre range was reported on a micrometer lateral scale. Glass
miroarrays have also been fabricated using 157nm laser ablation [22]. These serve as
templates for replication using polydimethylsiloxane (PDMS), with possible applications in
printing arrays of molecules. PDMS itself has also been micromachined using 157nm and
193nm lasers [23, 24], because of its importance in many microdevice applications. An

ablation threshold of 11530 mJem™ is reported for this material at 157nm laser [23].

No published data was found on the 157nm laser ablation characteristics of the CR-39
polymer in a pristine state or when it had been exposed as a track detector. Allyl-diglycol
carbonate (CR-39) is a useful polymer for etched track detection because of its sensitivity and
resolution [25]. However, there are a number of studies reporting etching characteristics of
CR-39 with ultraviolet laser irradiation e.g. by Dwaikat et al [26] using a pulse ultraviolet
Indium-doped Yttrium Aluminium Gamet (UV-In:YAG) laser (A=266nm, pulse energy of
42mJ/pulse at repetition rate of 10Hz), Shahid e a/ [27] using a 10.6um CO, laser with
multiple pulses of energy 1-3J, and Tse et al [28] reported the effects of CR-30 irradiated
with UV at 257nm at atmosphere for 10hours at a distance of Scm with various the conditions
of experiments .Studies of the ablation threshold for CR-39 by Kukreja [29] found this to be
25Jcm™* when treated with a CW-CO; laser.
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2.5 Micromachining with F, Lasers

Microlithography can be described as lithography in manufacturing integrated circuits.
Microlithography started as optical lithography, using lamps for generating the image of a
mask pattern in the photo resist on a wafer [30] but progressed to UV laser sources in the
search for additional resolution. The demands of excimer laser technology are unique for the
lithography technique and the need for shorter exposure wavelengths spurred important
developments in F, excimer lasers that have in turn benefited other areas. In particular
reliable, high repetition rate devices have become available for use not only in scientific
studies but also in technological applications. As well as the potential advantage in
conventional resist processing [31], the short wavelength and high photon energy (7.9eV) at
157nm, make possible high-resolution micromachining of many materials [32], notably

polymers and glasses, by ablation.

Micromachining can be implemented by patterning using contact-masks or preferably,
non-contact projection techniques, where a mask containing the required pattern is imaged on
the surface to be ablated. The choice of the laser wavelength used plays an important role, as
thermal loading on the surface can be minimised by using a wavelength that is strongly
absorbed and consequently has a low ablation threshold. This can minimise softening

(melting) effects that may well act to degrade microstructures [10].

Many published results confirmed the micromachining capability of the 157nm laser in
various materials such as glasses [33], insulators [34], and in polymers such
polytetrafluoroethylene (PTFE) [35]. The relatively strong absorption at this wavelength leads
to low ablation thresholds allowing depth removal at nanometre level and production of sub-
micron features with no evidence of surface micro-cracking, confirming that with appropriate

optical systems the VUV F; laser is suitable for machining applications [36].

Stuke et al [37] demonstrated prototype microstructures using an absorbing liquid as a
mask in the evacuated chamber at 157nm. The absorbing liquid was applied directly to the

surface of PMMA in the pattern administered by a micro syringe. The fluence was set to

0.4mJcm™ on the image plane.
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In many cases it has been found that 157nm laser micromachining of polymers, ceramics
and glass that are difficult to process at other laser wavelengths, yields cleaner and better
defined ablation features. This is so even in tough or high-band-gap materials such as PTFE,
and fused silica. The choice of laser wavelength use in the micromachining application is

crucial as appropriate laser will minimize thermal loading on the film reported earlier [10].

The capabilities for machining microstructures on polymethylmethacrylate (PMMA)
with sub-micron period [33], with 157nm F, laser, and in other material systems such as
chrome films on CaF; and SiO, (fused silica) substrates was reported by Herman et a/ [38]. A
projection system was used with 30mJem™ fluence at image plane. The 157nm F, laser was
applied to exploit the strong interaction of 7.9¢V photons and it was indicated that there was
promise for generating high resolution micro-pattems on Cr-on-CaF; and Cr-on-SiO;

photomasks.

2.6 Characterisation of UV Beam Profile

To optimize the laser beam characteristics, a measurement of beam profile is
fundamental to many material interactions processes. Ideally, the measurement of beam
profile will provide quantitative output throughout the beam at a usefully high sampling rate.
This is relatively easy for continuous wave (CW) laser outputs with intensity distributions at
visible, near IR and near UV wavelengths. However, the measurement of beam profile in the
deep UV offers additional difficulties because of the low UV sensitivity of standard CCD
cameras. The small aperture of CCD cameras is also incompatible with the large beam size of
the most of excimer lasers, unless the lens arrangements are used. A more general solution in
the beam profile measurement of the VUV laser, involves using a fluorescent material to
convert the VUV radiation into visible radiation, which can be detected with a conventional
CCD camera. Transparent materials such as MgO or in present work, Lumilass G9 glass, are
ideal as fluorescent converters because of these materials can be doped with a low level of
transitions metal ions such as Tb>* and Ni**, In the simple arrangement shown in Figure 2.3
an image of the aperture is created on a fluorescent glass as a conversion medium, and a CCD
camera in-line monitors the fluorescence. A video frame grabber with image analysis

software is used to capture the image.
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Fluorescent
Plate
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UV Beam K\”q cecD
/
/ -—’\
Imaging Lens

Figure 2.3: An example of beam profiler using a fluorescent glass to convert UV to visible
radiation, and use of CCD camera to record the intensity [39].

Whilst the output power (energy) of the beam can easily be measured accurately with for
example, a calorimeter or joulemeter, there are often problems pertaining to the absolute
spatial dimensions of the output beam. In recent years, these problems in measuring spatial
profile of the output beam has been solved, albeit at considerable expense, using vidicon and
reticon detectors and also photodiode arrays which can be used to detect and record the two-

dimensional beam profile at various wavelengths [40].

The simplest approach to profiling and recording the output beam, involves looking
directly at the laser beam and recording the radiation with a CCD camera. This is often not
practical at UV laser radiation because of the low UV sensitivity of the CCD cameras itself.
Hence, use of fluorescent material to convert UV laser radiation into visible emission, which
practically can be detected with a conventional CCD camera. In 1990, Davis [1] reported, the
use of a UV sensitive film with a resolution exceeding 10° lines mm™ to image the beam
from excimer lasers, with a range of 0.1-200mJecm™. As an alternative, systems consisting of
a fluorescent crystal which the host is glass with low levels (ppm) of transient metal ions such
as Tb>* was used recently [41, 42] for the imaging the output beams at 157nm [42] and
308nm [42] respectively. Using this technique gives better characterization compared to
simple conventional methods like burn paper which has limitations, in that it only offers a
convenient way to view a single shot or aid laser alignment. These papers have small
dynamic range, non-linear thermal properties and are unable to provide a quantitative

intensity distribution for the beam.
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Surface Modification of Polymer Materials Induced by 157nm F; Laser Irradiation

CHAPTER 3

SURFACE MODIFICATION OF POLYMER MATERIALS INDUCED BY
157nm F; LASER IRRADIATION

This chapter describes the polymer surface modification and ablation induced by 157nm
F, laser irradiation, discusses the experimental system arrangement and the analysis of the
results obtained from optical micrographs and scanning electron microscopy. The results
were analyzed from the experimental point of view and supported with simulations in
MathCAD.

3.0 Introduction

There is currently considerable interest in exploiting the unique source properties of the
157nm VUV F, laser in applications such as lithography [1] and in micromachining [2]

various materials, including glasses [3] and various types of organic polymers [4].

The capabilities of this short wavelength laser for producing high spatial resolution,
combined with its high average power and good lifetime, make it now a viable tool for use in

industrial processes.

In this chapter, the surface modification of various organic polymers induced by 157nm
laser has been investigated and the potential of sub-micron feature definition on the polymer
materials by ablation is demonstrated. Polymers have potential in many practical applications
including micro-electronics and micromechanical devices [4] and there are now also many

biopolymers that find use in medical technologies [5].

Though most previous effort has been concentrated on polyimide and

polymethylmethacrylate (PMMA) which find use in semiconductor packaging technologies
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and as a resist base respectively, many other organic polymers have been investigated, for
example; polyethylene terephthalate (PET), polytetrafluoroethylene (PTFE), polycarbonate
(PC) and nylon 66 exposed at various laser wavelengths. In the present research, several
polymers have been exposed to 157nm laser radiation, including polydimethylsiloxane
(PDMS), the photo-resist SU-8, nylon 66, ultra-high molecular weight polyethylene
(UHMWPE), Lexan polycarbonate (PC) and allyl diglycol carbonate (CR-39). The CR-39
polymer will be explained details in Chapter 4.

In this chapter, the basic parameters characteristic of the laser ablation process were
determined for these materials i.e., the etch rate versus fluence, and hence the ablation
threshold and the effective absorption coefficient, with the 157nm F; laser. Additionally, the
ablation threshold for the polycarbonate (PC) sample was obtained from the apex angle cones
formed induced at this wavelength. Interference effects arising from reflection off the walls

of microns sized cones were also studied experimentally and using modelling.

3.1 Polymer Characteristics

The nylon 66 and UHMWPE samples used were obtained through the collaborative
work with the Engineering Department at the University of Loughborough.

Most of this research concentrated on the interaction of the VUV 157nm F, laser with
polycarbonate Lexan (PC) and CR-39. These materials have interesting potential in various
applications, e.g. polycarbonate is used to make microlenses in large and super-large area
optical films [6] and CR-39 finds optical use as well as being suitable for ‘track-etch’

radiation detectors.

3.1.1 Polydimethylsiloxane (PDMS)

Polydimethylsiloxane (PDMS) is a polymer that has important applications, and in
particular, is widely used for replication, allowing micro-structures for use in, for example,
micro-fluidics to be moulded from masters that have surface relief. It has useful properties

including good thermal stability; resistance to UV radiation and relative chemical inertness,
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low surface energy, a good dielectric strength (making a good insulator), and maintains
physical properties over a useful wide range of temperatures [7] .There is interest in ablation
patterning this material using UV and VUV lasers and also in using UV radiation to modify
its surface properties. The latter may permit the polymer surface to be altered from
hydrophobic to hydrophilic without etching or physical structuring. PDMS has a specific heat
of ¢ =1100Jkg™ 'K, a density of p =1030kgm™) and refractive index to normal incident of
light of n (1.445) [8] at ~430nm.

The chemical formula of PDMS is (H3C);SiO[Si(CH3),0],Si(CH3)3, n being the number
of repeating monomer [SiO(CH;),] units. The silicon atoms will generally have two carbon
based pendant groups (R) to complete its octet, R referring to the methyl group (CH3) as

shown in Figure 3.1.

T
Ti 0O
R

n

Figure 3.1: Siloxane repeat unit (R=CH;)

3.1.2 Photo-resist SU-8

Negative photo-resist SU-8 is a very viscous polymer that can be spun or spread over a
thickness ranging from 1um up to 2 mm. This resist has been specifically developed for ultra-
thick, high-aspect-ratio MEMS (Micro-Electro-Mechanical-Systems) type applications using
standard lithography equipment. A well-known technology for this applications is LIGA
(Lithographie, Galvano-formung, Abformung), which includes three processes; X-ray
lithography, micro electroplating, and micro embossing [9]. SU-8 negative type photoresist
can easily be patterned using UV photolithography. SU-8 has a density of p=1190kgm™.
SU-8 is based on an epoxy; a term is referring to a bridge consisting of an oxygen atom and
two other atoms, usually carbon. Such a structure is called 1, 2-epoxide. An epoxy resin is
defined as a molecule containing one or more 1, 2-epoxy groups, as shown in Figure 3.2

below.
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CH,CH CH,

Figure 3.2: 1, 2-epoxy ring.

3.1.3 Nylon 66

Nylons are versatile polymer materials and have been used in various commercial
products ranging from carpet fibres, ropes and parachutes to gears, casings and even spatulas.
Nylon 66 is highly crystalline, chemically resistant material with good mechanical strength,
good abrasion resistant and self-lubricating properties. Nylon has a density of p = 1140kgm™
and specific heat of ¢ = 1670Jkg'K" [10]. Nylon 66 is often referred to as
poly(hexamethylene adipamide) and has the repeat structure shown in Figure 3.3.

I
O
O

-

O

9

H~—N——(CH,)g—N (CHy)y OH

Figure 3.3: Poly(hexamethylene adipamide) or Nylon 66.

3.1.4 Ultra-high molecular weigh polyethylene (UHMWPE)

Ultra high molecular weight polyethylene (UHMWPE) has a high degree of both
linearity and crystallinity, and a molecular weight of the order of 6-7 million atomic mass
units. Because of its high degree of chain entanglement it has a very high melt viscosity.
UHMWPE is also insoluble in all organic solvents at room temperature, and even at elevated
temperature is only sparingly soluble in a limited range of solvents (e.g. decalin). The
UHMWPE used was pure, and had average molecular weight of 5x10° g/mol and a density of
930kgm™ [11]. The UHMWPE used was in sheet form of 200mm? surface area.

UHMWPE (Figure 3.4) with the repeat monomer unit of ~CH,-, is a material employed

in many scientific fields, such as bio-medicine and the micro-engineering[11].
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<\CH2—CH2>—
n

Figure 3.4: Structure of repeat monomer (UHMWPE) with n greater than 100,000.

3.1.5 Lexan Polycarbonate (PC)

Polycarbonates are a particular group of thermoplastic polymers that have attractive
properties in terms of temperature resistance, impact resistance and optical quality and find
use because of these and their process ability and reasonable cost. They are the group of
polymers having functional groups linked together by carbonate groups (-O-(C=0)-0-) in a
long molecular chain. The functional group of Lexan polycarbonate (PC) polymer is shown
in Figure 3.5 below.

CHs

" \/‘,”’ \ 7/

CH,

Bisphenol A

Figure 3.5: Functional group of polycarbonate lexan (PC)

The characteristics of polycarbonate are similar to those of polymethylmethacrylate
(PMMA; acrylic), but polycarbonate is stronger and more highly transparent to visible light
and has in fact better light transmission characteristics than many kinds of glass. The
polycarbonate (PC) used in this work was Lexan from Goodfellow Cambridge Limited in the
form of 3mm thick sheets. It has a density of p =1130 kgm'3 and specific heat of
c=1170Jkg K" [12].
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3.2 Experimental Arrangement

3.2.1 Sample preparation

In this work, only PDMS bulk samples need a preparation set-up and these were
prepared by mixing a base of PDMS precursor (Dow Corning Sylgard Elastomer 184 base)
and a curing agent in proportions of 10:1. The liquid mixture was placed in an evacuated
chamber to discharge bubbles and to eliminate oxygen in the samples. PDMS siloxane base
oligomers contain a vinyl group and curing agent that contains a proprietary platinum-based
catalyst to produce addition of SiH bonds across the vinyl group. Mixing the base and curing
agent leads to the formation of Si-CH,-CH,-Si polymeric linkages. Raman spectroscopy can
be used to study bond groups in PDMS and will be discussed further in this chapter.
Following mixing the base and curing agent it was poured into a master that was to be
moulded and was then cured at 80°C for 24 hours. The resulting material formed in this way
was highly transparent, colourless, and homogenous in its bulk and could be peeled away

from the master leaving a surface replica.

3.2.2 Experimental set-up

A 157nm VUV F; laser (Lambda Physik LPF 200) which produced output energy of up
to 35mJ in an 1lns pulse (full-width at half-maximum) was used to expose the various
polymer samples. The charging voltage of the laser may could be varied in 1kV steps from
21kV to 26kV and this allowed the laser energy and hence fluence at the target to be varied.
The full-angle beam divergence of the direct output beam was ~3mrad in its narrow

dimension and ~8mrad in its long dimension.

The polymer samples were held on a motorized stage, which was capable of movements
in the x-y-z directions in increments from Imm to 1um under computer control. Due to the
high absorption of the 157nm wavelength in oxygen in air, the laser output had to be
delivered either in vacuum or in a rare gas such as Argon. In these experiments the target was
placed in a chamber that was capable of being evacuated down to 1x10” mbar. The chamber

was evacuated using a dry pump and the pressure was measured using Edwards
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1
S, S f (3.3)

M must be chosen with the constraint that distances S; and Sy should fit within in the
chamber. An objective aperture of dimensions of 2mm by 4mm was positioned in the most
uniform part of the output beam of the F, laser. A magnification of ~0.1x to ~0.15x was
chosen as this gave adequate fluence gain and was consistent with the chamber dimensions. It
was important to determine the location of the image plane for this optical system. This was
done by ablating a polyimide film located at various distances from the lens. Polyimide
(0.125mm thick sheet) was used as the target because it was readily available and has a low
ablation threshold at 157nm. Following a sequence of exposures the lens was cleaned in order
to minimize the build up of contaminants on its surface. In this experiment, as the depth-of-
field for this demagnification was ~ +£0.05mm, redefining an image plane was important as it
could change up to 0.5mm when the lens is re-positioned. The best image plane was
determined by moving the film in increments of 0.01mm over a range of 1.0mm. Thirty sites
were irradiated with SOpulses each at a laser charging voltage of 26kV and 10Hz repetition
rate. The ablation sites on the polyimide were then viewed using an optical microscope
(Leica DMLM) with +2um depth resolution. The clearest and sharpest image found in this
way was taken to define the best image plane and the sample surfaces were then positioned in
this plane. An example of the ‘best image’ is seen in Figure 3.7. The ablated area was found
to be 0.18 mm x 0.37 mm (£0.002 mm resolution), and was used in equation 3.1 for fluence

calculations.
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3.3 Results and Discussion

3.3.1 PDMS

3.3.1.1 UV-VIS spectra
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Figure 3.8: UV absorption spectrum of PDMS in the range 200 to 1200nm.

UV absorption spectra of PDMS in the wavelength range 200 to 1200nm were found
using a UNICAM 5625 UV-VIS spectrophotometer. The absorbance versus wavelength for a
5mm thick sample prepared by moulding is seen in Figure 3.8. PDMS evidently has low
absorption at wavelengths in the range 300 -1100nm but significant absorption below
~300nm as can be seen from Figure 3.8. At ~200nm the absorption coefficient is estimated to
be 12.7cm’! suggesting PDMS is not strongly absorbing even in the deep UV. Although the
spectrophotometer cuts-off below 200nm it can be conjectured from the spectrum in Figure
3.8 that it has an absorption coefficient of similar magnitude at a wavelength of 157nm. As
will be seen later PDMS can be ablated with fluences greater than 100mJ cm™ at 157nm. For

ablation at the longer wavelength of the frequency quadrupled Nd: YAG laser at 266nm,
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The threshold of 105 + 10 mJem™ obtained for the 5mm thick PDMS sample here,
appears similar to that reported for thin films (694nm thick), where the ablation threshold at
157nm was 115 + 30 mJem 2 [14].

From the slope of the lines used to fit the data in Figure 3.10, the effective absorption
coefficient (a.g) was calculated to be in the range of 3.5 x 10%m! and 6.4 x 10* cm™. There
is some evidence from Figure 3.10 that the effective absorption coefficient slightly increases
in value when 10 or more pulses are used on each site. This may be indicative of a weak
incubation effect or possibly differences in properties between the surface and the bulk
PDMS. At this VUV ablation wavelength PDMS exhibits a relatively high effective
absorption coefficient and is comparable to the value of az ~1x10° cm™ reported for
polymethylmathacrylate (PMMA). We assume now that we can use o, to determine an

extinction coefficient & using equation:

=04 —'—'—/1— (35)

where A = 157nm. With a=3.5x 10* cm™, this gives a k value is estimated to be 0.044.

Etch depth should become greater as the number of exposure pulses increased, (Figure
3.10), but apparently the etch rate for single pulse is greater than for larger numbers of pulses
thus the threshold value cannot be estimated from Figure 3.9. This behaviour possibly could
be related to the preparation of the sample, where a dense skin layer may be formed. It would

be of interest to investigate this further.

3.3.1.3 Raman spectroscopy

A Raman microscope system (Renishaw, Laser Diode NIR 780/50) consisting of a light
microscope (Leica DL-LM) coupled to a Raman spectrometer was used to investigate the
exposed PDMS surface. The microscope was equipped with four objectives with 5x, 20x,
50x, and 100x magnification and an LMPLAN FL 50x.0.5NA eyepiece. The microscope
optics was used to focus the excitation laser onto the target and collect the backscattered light
(180°). The excitation source was a diode laser emitting at 780nm and the instrument was

calibrated against the Stokes Raman signal of pure Si at 521cm’ using a (111) silicon wafer.
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The Raman line obtained for silicon is seen in Figure 3.11. The microscope was focused onto
the sample surface by using a white light source; this was then replaced by the laser beam and

Raman spectra were recorded at Stokes Raman shifts of 200 to 3000cm™.
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Figure 3.11: Raman spectrum calibration for pure silicon wafer at 521.1cm™.

Raman spectroscopy was used to study how the 157nm laser exposure alters the
conformations of the PDMS polymer. Advantages of the Raman spectroscopy in this
experiment include direct experimental observation, orientational information and chemical
bond information from peak position and bandwidth analysis [15], Figures 3.12 and Figure
3.13 show a spectrum comparison between unirradiated PDMS and PDMS exposed to the
157nm laser respectively. In Figure 3.12, for unirradiated PDMS, no prominent peaks are

seen except a weak feature at 488cm™ attributable to the Si-O-Si vibration.

In previous studies of PDMS using an Ar" laser at 488nm, and 514.5nm [16] as the
Raman excitation source, intense stretching vibrations of methyl groups appear at 2965 and

2907 cm ™', methyl bending vibrations appear at 1412 and 1262 cm’, Si-CH; rocking
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For 6 >> 1 negligible heat flow occurs and the temperature rise profile ATs is as shown in
equation (3.8):

Ag=a—mi%kﬂ' (3.8)

The surface temperature (i.e. at x = 0) is then given as
Ii =T, +(1-R)aF/C 3.9

where C= pc is the volume specific heat, p being the PDMS density and c its specific heat

and T,=300K is the initial temperature. F is the fluence and R is the surface reflection

coefficient at 157nm,

The following properties of PDMS are found from reference [8]:

Specific heat, ¢ 1100 Jkg'lK'1

Density, p 1030 kg,m'3

By assuming the refractive index » is 1.445 after exposure, the normal incidence

reflection coefficient of PDMS can be calculated using equation (3.10):

(-1 + K

e (3.10)

Using #n =1.445 and k = 0.044 gives R = 0.033. Then using equation 3.9 we get a
temperature rise for PDMS at the threshold fluence Fr = 100mJ cm™ of 4694K corresponding
to a surface temperature of ~ 4994K. This estimate suggests a high surface temperature could

be reached when PDMS is exposed at 157nm.
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3.3.5 Lexan Polycarbonate (PC)

3.3.5.1 Ablation sites after irradiation

Polycarbonate samples exposed to various numbers of ablation pulses at differing
fluences were viewed using an optical microscope. A series of images obtained for a fluence
of 55mJem™ with 50, 100 and 500 pulses is seen in Figure 3.17. The rectangular ablations
sites are seen to contain dark spots that become progressively more intense but fewer in
numbers, as the number of exposure pulses increases. These ‘spots’ are cones that develop on
the surface and appear dark because they reflect little light back into the microscope. Also
evident from Figure 3.17 is a patterning effect outside of the main ablation site that is a result
of re-deposition of material from the ablation plume. This shows up relatively faintly in the
50 and 100 pulse exposures but becomes more marked with 500 pulses where this debris
extends beyond 100um from the crater margin. In the 100 pulse micrograph (Figure 3.17b)
the deposited layer has apparently just become thick enough to produce visible fringes as a
result of interference between light reflected from the film surface and the film-substrate
interface. In Figure 3.17c the thickness of this layer has grown to a sufficiently large value

that multiple coloured fringes are seen.

The formation of debris surrounding the ablation sites of polyimide (PI), polyethylene
terephthalate (PET), polymethylmethacrylate, polystyrene and polyethylene has been studied
in some detail by Singleton et al [21]. Hydrodynamic models describing the form of the
patterns produced by re-deposition from polymer ablation plumes have been reported by
Miotello et al [22]. These are based on a one-dimensional outwards expansion of the plume
being coupled to a sideways expansion and explain quite well how the shape of re-deposition
zone is governed by ablation crater on the wider sideways. This is confirmed in Figure 3.17c,
where re-deposition of debris evidently extends considerably further in the vertical compared

with the horizontal direction.

In studies of glass ablation using a 266nm laser, Singh er al [23] have used the
interference fringes produced by the re-deposited layer to determine its thickness and the
material mass involved. A similar approach can be used here if it is assumed the layer

decreases monotonically in thickness from the edge of the crater and has a refractive index p
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that is lower than bulk polycarbonate so the phase change at the air-layer and layer-substrate

interfaces is the same. Interference maxima would then appear at a thickness

t=mi/2u (3.11)

where A is the vacuum wavelength and m an integer [23]. For the upper fringe system in
Figure 3.17c there are about three red fringes on moving inward to the crater rim, which
using m = 3 and taking A = 600nm and p < 1.58 for a polycarbonate-like layer gives t 2
570nm. This would correspond to deposition at a rate of about 1.1nm/pulse immediately

beyond the crater rim.
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3.3.5.2 Etch rate analysis

The etch rate for PC was determined by subjecting samples to various number of pulses
and fluences and then measuring the depth of the ablation site using the white light
interferometer. Figure 3.18 shows the average etch rate per pulse as the function of fluence at
157nm for various numbers of pulses. From the extrapolation of the regression line, a distinct
threshold for ablation of PC of 10mJem™ is obtained. Based on the gradient of the line at 100

pulses shown in Figure 3.19 below, an effective absorption coefficient gy of ~ 3 x 10° cm™ is
calculated.

The value of the effective absorption coefficient indicates PC is a strongly absorbing
organic polymer at 157nm. Using a.5 a volume specific heat of 1440kJm™>and assumed
surface reflection loss of 5% [3], the surface temperature rise calculated by using equation
(3.9) is 1649K at the ablation threshold of 10mJcm™. This large temperature rise on the

surface suggests that material removal is driven by thermal degradation and vaporization
[14].

Over a certain range of fluence, the formation of the cones occurred on the PC surface,
allowing measurement of the cones angle to be used to estimate the ablation threshold. The
value obtained in this way could then be compared with the etch rate measurements. The

results obtained from the cones will be explained in the section below.
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3.3.5.3 Formation of cones

To determine the ablation threshold of materials, various methods have been used in the
research previously [20] . The most common method is the measurements of the etch depth
per pulse or etch rate obtained from the ablation over a range of fluence. These are fitted
using equation (3.4) to give the value of ablation threshold Fr. An alternative method
employs the measurements of the thermal loading of thin films, and generally gives similar
results to the etch rate method. Another technique, based on the apex angle of particle-
induced cone structures, is sensitive to very small levels of etching and often gives

appreciably lower values of threshold compared to the two methods stated above.

Values of the ablation threshold determined from the apex angle of the stable, well-
defined conical structures on polyimide, polyethylene terephthalate (PET) and Nylon 66 at
157nm are reported in [19] as (23%7) mlem?, (19£6) miem™, and (33%7) mJem™

respectively.

In the present work the form of particle-induced cone structures was studied on the PC
after ablation using the 157nm laser over a range of fluence. Previous research reported by
Stuke et al [24] on the fabrication of microchannel using polymers PMMA, polystyrene and

polycarbonate using 157nm, gave the result of ablation threshold of ~18mJcm ™ for PC.

Interestingly, the cone structures that developed on the PC surface afier ablation give a
well defined interference pattern surrounding the region around the base of the cones, which

provides information on the spatial coherence width of the beam.

(a) Unseeded samples

Cone formation on PC was observed on both clean surfaces (unseeded) and on surfaces

that were deliberately seeded with particles to induce their formation.

Samples of PC without deliberate particulate seeding were exposed over a range of pulse
number from 10 to 500 pulses and a range of fluences from ~10mJem™ to ~250mJem™ at
10Hz using the 157nm laser. The morphology of the ablated surface was investigated by
scanning electron microscopy (SEM). Figure 3.20a shows the cones that developed on PC
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cone apex angle when 0, # 90°. To this end a series of SEM images was obtained for the
same group of cones with the viewing angle 6, varying from 0 - 75°. These are shown in
Figures 3.30. The perceived cone apex angle 6, (see Figure 3.29) was measured for each
image using the MB-Ruler software and also by calculating it from the measured cone base

diameter and effective cone height.

The perceived full angle of the cone apex 26, determined in this way is plotted in Figure
3.31 versus the stage viewing angle 6,. As expected and can be seen from the fit here, the true
cone apex angle i.e. at 6, = 90° is smaller than when measured on a tilted stage. For 6, = 60°

the correction factor needed is from Figure 3.31 ~ 0.83.

Straightforward geometrical considerations for a tilted cone lead to a simple theoretical
expression relating the perceived angle 6, the viewing angle 6, and true half-angle & (refer

Appendix A for a cone profile). This gives
8, = tan" [tan(9,)cos {7 /2-6,}| 3.14)

This expression is plotted in Figure 3.31 and shows a good fit with the experimental

results; hence corrections can be easily applied using this expression.

Effective height 4
Apex angle 20,

Base radius by

Figure 3.29: Showing effective height, h and base radius b. The perceived angle 6,= tan” by/h
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the line. Figure 3.32 shows that the results for cones on polycarbonate plotted in this way are

not in good agreement with the expectations of this simple model.

The expression in equation 3.16 neglects surface reflection loss and that the energy

density loading at the surface may change with the angle of incidence of the laser beam.

To take account of this the energy loading E; (joules per unit volume) on the surface at

normal incidence is expressed as:
E, =aq7'(1_R02)FT 3.17)

where ay is the effective absorption coefficient, R, is reflection loss at normal incidence and
Fr the threshold fluence.

It is now assumed that ablation on an inclined surface occurs when the same energy
loading is reached. The amplitude reflection loss at the inclined surface is taken to be R, and
R; for s and p polarisation components respectively and for an unpolarized beam the average
R>+R’

P

of Rp2 + R is taken i.e. = R,,,2 . Now due to refraction the transmitted beam is not

normal to the surface but is refracted at an angle r. The effective penetration depth (normal to

surface) is then smaller by a factor cos r so the effective energy loading is

(a, /cosr) (1-R,").Fcosi (3.18)

where F is fluence at normal incidence. On the assumption that ablation commences when
the energy loading E; is attained, the corresponding threshold for the inclined surface is

found by equating equations (3.17) and (3.18)

»p.  F .
(1= R")F, =—— (1= R, ")cosi (3.19)

Here F is now the fluence at threshold for the surface when irradiated at an angle of incidence

i and Fr that at normal incidence. Now

cosi =sing, (3.20)

where 6, is cone apex half-angle.
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Thus, by taking the cone wall angle to be defined by reaching the (inclined) threshold energy

loading on the surface, the fluence and cone angle are related by

Fycosr(1-R)")

Rp2+R52 . (3.21)
(I—T)sme,

F =

The angle of refraction and cone apex angle are linked through the polymer refractive index p

by sinr =cosé,/ u

It is noted that if angle dependence of reflection loss is neglected i.e. (Rp2+R,2)/2 =R’

and the effective absorption coefficient remains unchanged when refraction occurs i.€. cosr =

1, then equation 3.21 simplifies to
F,/F =sin6,
which is equation 3.16.

Equation 3.21 was evaluated using the Fresnel equations [30] to determine R, and R, as
described in more detail in section 3.4.1 (see equations 3.25 and 3.26) with a value of y =
1.463 for polycarbonate taken from reference [31]. A plot of the cone half-angle versus the
normalised fluence F/Fr using equation 3.21 is shown in Figure 3.33, along with
experimental data for cones on polycarbonate. The experimental fluence has been normalised
using values of Fr = 20, 25 and 30mJem™ in an attempt to get a fit to the theoretical line.
Though there is considerable uncertainty, a value of Fr = 25mJcm’ brings the data in
reasonable accord with the theoretical curve. This is considerably larger than deduced from
etch rate versus fluence measurements (Figure 3.19), though in that case there is again

considerable uncertainty in extrapolating the data to determine the threshold.
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O

Figure 3.38: Schematic diagram of the light beam reflected from the cone wall

These fringes when projected onto the horizontal surface lead to a periodicity As given

by:

(3.23)

Figure 3.39: Fringe projection onto horizontal space.

63



Surface Modification of Polymer Materials Induced by 157nm F; Laser Irradiation

Combining equations (3.22) and (3.23);

_ p S A
*  2sinf,cosf, sin26, (3.24)

where 4 is the laser wavelength and 6, is cone half angle. 6, here refers to the true angle with

the view angle correction applied.

Basically, to quantify the fringe system, the amplitude reflection coefficients for the cone

wall were calculated using Fresnel equations [27]:

M €OSi —cosr
R="" 7

P ucosi+cosr (3.25)

CcOSi — {COSF

cosi+ pcosr (3.26)

where R, and R; (p-polarized and s-polarized) denotes the amplitude reflection coefficients
for the light parallel and perpendicular to the plane of incidence. The angle of incidence is
i=(90-6,) and sin r = sin i/u. Equations (3.25) and (3.26) were evaluated using a real value for
the refractive index of Lexan polycarbonate of g= 1.463 at 157.4nm wavelength [28]. The
incident laser beam was assumed to be unpolarized i.e. to have equal components of s and p-

polarised radiation.

From the schematic diagram (Figure 3.40) the sum of incident and reflected fields for s-

polarized and p-polarized radiation is given by [29]:

_ exp—i(kxsin g+ kzcosdp) | R,ycos(26, - 5P)\/1, exp—i(kxsin[26, = 54+ kzcos[26, — 5¢))

Es ] N

(3.27)

R, cos(26, - )T, /2

ik sin[26, ~ 4]+ k 2,-5
R, sin(26), —5¢)\/Z / ﬁ)cxp i(xsinf @1+ kz cos[ )

1
5| exp—f<kxsina¢+kzcos5¢>+[
0

(3.28)
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For finite spatial coherence F;, was integrated over Ag, the full divergence angle of the
laser, with the simplifying assumptions that the source was spatially incoherent and had a

uniform irradiance distribution:

Ag/2
v dég

Julls,p = 5.0 A 1
SYIR (3.31)

The top view scanning electron microscopy image (Figure 3.36), shows the fringe system
is limited in its radial extent. The maximum size is defined by reflection from the tip of the
cone and under multiple pulse exposure the cone height and base radius progressively
increase and the location of fringe maxima moves. Assuming the cone height increases at
uniform rate from pulse-to-pulse and that a simple log-linear fluence dependence with
effective absorption coefficient, a4 and threshold fluence Fr, describes the etch rate per

pulse, the removed depth of surface d,, for m pulses is [29]:

m

1
d, =Z——a In[F,,,(x,n)7]
n=1 Yofr

Here, Fo(x,n)=Fgy (x+b(m)—bn))+F,, (x+b(m)—b(n)) for 0<x<x_,

F, =1 Jor x>x_. (3.22)

and xmx = b(n)/cos 26, is the maximum value of x for which the reflected beam overlaps the
incident beam on the »™ pulse when the cone has a base radius b(n). y is the ratio of the

fluence applied to the threshold fluence for etching, F/Fr.

Figure 3.41 shows the calculated profile in the vicinity of the base of a cone on ablated
polycarbonate with m = 100 pulses at an incident fluence of 81mJem™ with Fr=15mJcm™
(y=5.4) and o= 0.024nm’". The threshold was set at this value as a compromise between the
etch rate value of ~11mJem™ and that of 25mJem™ estimated from the cone angle. The
effective absorption coefficient, cone angle (6~19.3°) and the pulse number were chosen to
produce a cone base radius of 2.5um to allow comparison with the experimental result shown
in Figure 3.34 and 3.36. This value of a.ywas chosen to provide a cone depth consistent with
experiment. It is some 20% lower than determined from Figure 3.19, but is essentially within

the experimental uncertainty.
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The etch depth modelled in Figure 3.41 is carried out for divergences of 3mrad and
8mrad as estimated for the narrow and wider dimension of the rectangular output beam of the
157nm laser. In the model, the divergences have been increased by 15x because of the
demagnification used in the projection imaging system. The calculated fringes show good
quantitative agreement with the experimental results in Figure 3.36, where the fringes in the
direction of low spatial coherence extend over a significantly smaller distance than those in

orthogonal direction.

Figure 3.42 shows etch profiles in the region adjacent to the base of a cone in
polycarbonate calculated at various stages of growth. Figures 3.42 a-d show 10, 20, 50 and 80
applied pulses. The fluence-to-threshold fluence ratio is again y = 5.4, effective absorption

coefficient oy = 0.024nm™" and cone half angle 6, = 19.3°.

The peak-to-peak depth modulation reaches ~95nm near the base edge for 100 pulses
and is not significantly different to that for 10pulses (Figure 3.42a). An interference
minimum is placed at x = 0 as there is a n phase shift for the reflected s-component, and, with
4= 1.463, when 6, < 34.4° for the p-component. This minimum location likely plays a role in
[30]the cone development that is not being investigated further here. The fringes have a
period of ~ 252nm in good agreement with equation (3.22). The etch depth outside of the
reflected beam zone with 100 pulses is ~703 1nm, but is deeper by ~ 150 — 195nm at the edge
of the cone base (depending on beam divergence) because of the reflected contribution. The
radial extent of fringes increases as the cone gets deeper (Figure 3.42) but their amplitude is
limited by the spatial shift they experience as the cone grows from pulse-to-pulse. From the
modelling results, the maximum fringe amplitude stays approximately constant at ~100nm
for 10 -100 pulses (Figures 3.41 and 3.42). The fringe modulation (visibility) falls as x
increases i.e. at greater radial extent, both because of the finite spatial coherence of the beam

and the reflected beam expansion factor I.
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The etch-depth curves in Figures 3.41 and 3.42 are for intrinsic beam divergences of
3mrad and 8mrad as estimated for the narrow and wider dimension respectively of the
rectangular output beam of the 157nm laser. In the simulation these divergences have been
increased by 15x because of the projection image demagnification factor of the system. The
range over which fringe visibility is maintained is lower for the larger divergence as the
corresponding spatial coherence width is reduced. This is borne out by the experimental
results in Figures 3.36a and b, where the fringes in the direction of low spatial coherence are

seen to extend over a considerably smaller distance than those in the orthogonal direction.

In the low coherence direction an estimate of the spatial coherence width / can be
made from the observation that fringes in Figure 3.36 persist out to x; ~ 800 - 900nm from the
cone edge. The direct and reflected rays that meet at this limiting point are spaced laterally by
w = 2x,c08°6, giving w & 1.43 - 1.6um for a cone half angle 6, = 19.3°. Multiplying this by
the image reduction factor of 15 the spatial coherence width in the wider dimension of the
157nm laser beam is / ~ 21 - 24um. This is consistent with a value of / = /A¢ ~ 20pum based
on the full-angle divergence of Ag = 8mrad. For the narrow beam dimension a similar
estimate based on the fringes in Figure 3.36 gives a value for spatial coherence of / ~ 54pum.

This is considerably larger because of the lower beam divergence in this direction.

3.5 F; Laser Micromachining on Materials

3.5.1 Introduction and applications

Micromachining of polymers is an important field that has both potential in immediate
and future applications in diverse areas such as medicine, microelectronic systems and
photonics. Lasers have been proven as effective tools in micromachining; enabling high-

resolution structures to be defined in a variety of materials [3, 31]

The high quantum energy of 7.9¢V of 157nm photons from the F, laser makes it a unique
source for use in areas such as lithography [31] and micromachining [3]. At this wavelength
most polymeric materials exhibit very strong absorption, implying low ablation threshold

with the concomitant benefits of reduced thermal loading and minimal thermal damage to the

69


















Surface Modification of Polymer Materials Induced by 157nm F, Laser Irradiation

projection system [30]. The SIS technique reported by Boehlen ef al [30] at Exitech uses a
248nm KrF with pulse energy of 400mJ) and a maximum repetition rate of 200Hz as the

photon source.

In the present work, contact-mask patterning of polycarbonate (PC) ablation was carried
out with the F; laser, at a fluence of ~100mJcm™ and the focal length lens (f=83mm) on the
manoeuvrable stage in the evacuable chamber. The thickness of the PC used was 3mm. A
mask of in the form of a nickel mesh with 7.5um x 7.5um square openings was placed in
contact on the polymer surface. A projection imaging of a rectangular aperture was used for
illuminated with a reduction of ~15x employed. Here, irradiation in vacuum with 100 laser
pulses, repetition rate at 20Hz, produced an array of square features. The SEM and white
light interferometer images below show the good potential of the polycarbonate to be

machined with the 157nm F, laser.

Observation of the ablated area with the optical microscope was unable to reveal
anything about the base of the etched holes due to their depth and shadowing caused by a
combination of depth and width. The accurate 7.5um square holes produced can be seen from
the scanning electron microscope (SEM) image shown in Figure 3.48 (a-c). Figure 3.48a
shows the view at normal incidence; Figure 3.48b shows detail from Figure 3.48a but viewed
from 60° on the tilted SEM stage and Figure 3.48c shows one magnified single square
machined in the PC. This has a dark base due to the depth of the crater and a faint diffraction
pattern can also be seen on the wall of the square. High magnification SEM images of these
micro-features Figure 3.48b and c, revealed no evidence of crack formation on or adjacent to
the ablation site, a result that is similar to that found when machining of soda lime glass and

BK?7 by contact and non-contact projection [3] using this laser wavelength.
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CHAPTER 4

157nm F; LASER INTERACTION WITH CR-39 POLYMER

This chapter describes the interaction of the 157nm F, laser with the polymer CR-39
allyl-diglycol carbonate (CR-39). It covers studies made of the ablation and surface
modification of CR-39 under 157nm laser exposure of pristine surfaces. Some preliminary
work has also been carried out on ablating surfaces of CR-39 that had been exposed to alpha

particles and subsequently chemically etched to reveal micron-scale size tracks.

4.1 Allyl-diglycol Carbonates (CR-39)

CR-39, or allyl-diglycol carbonate, is a polymer commonly used in the manufacture of
eyeglass lenses. It has excellent properties that make it suitable for other applications such as
an excellent recorder for nuclear tracks, possessing as it does a high degree of isotropy and
uniformity of response. CR-39 will record nuclear tracks with Z/8 > 6 which indicates, for
example, that it will easily record all natural a particles at full energy up to 18MeV {1]. CR-
39 is transparent in the visible spectrum and almost completely opaque in the ultraviolet
range. It has high abrasion resistance, half the density of glass and has an index of refraction
that is slightly lower than that of crown glass, making it the most suitable material for
eyeglasses and sunglass lenses. CR-39 has a density of p = 1300kgm™ and a specific heat of
¢ = 23000kg 'K"! [2]. CR-39 is also resistant to most of the solvents and other chemicals, to

gamma radiation, to aging and to material fatigue.

In the radiation detection application, pure CR-39 material is exposed to ionizing
charged particles (e.g. a-particles). These transfer energy to electrons creating tracks of
damaged polymer which are revealed by an etching process in a caustic solution of sodium

hydroxide (chemical etching).
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CR-39 is made by polymerization of diethyleneglycol bis allylcarbonate (ADC) in
presence of diisopropyl peroxydicarbonate (IPP) catalyst. The presence of the allyl groups
allows the polymer to form cross-links; thus, it is a thermoset resin. The monomer structure
of CR-39 is shown in Figure 4.1. The CR-39 used was Imm thick and was purchased from
Page Mouldings Limited (Pershore, UK).

CHz==CH~CH, —0——CO——0—CH,—CH,~0—CH,CHz — O~ CO—0—CH;—CH=CH;

Figure 4.1: Functional group of allyl-diglycol carbonate, CR-39

4.2 Ablation Sites

Ablation experiments were carried out on samples of CR-39, and optical microscopy,
scanning electron microscopy and white light interferometer measurements performed to

assess its response to the 157nm laser radiation.

A set of optical micrographs obtained for ablation at three fluencies is seen in Figure 4.2.
A rectangular object aperture and an image de-magnification of x10 was used. Unlike for
polycarbonate (see Figures 3.17 in Chapter 3), there appears to be little or no visible evidence
for re-deposited material being present around the ablation site, even when as many as 500
pulses are applied at relatively high fluence (Figure 4.2c). Debris-free ablation is an attractive
property especially in applications such as micro-optics or MEMS fabrication where
contamination by films or particulates is undesirable. Although further work is needed to
study this in more depth, if confirmed it would point to CR-39 being a useful substrate

material for 157nm ablation.

Although Figure 4.2a is essentially clean in the ablation site, the exposures made at
higher fluence and with more pulses exhibit dark spots as a result of cones developing on the
surface. The cones increase in diameter as the ablation depth increases, Figures 4.2b and c,
and in Figure 4.2c, where 500 pulses at 180mJcm™ have been used for ablation, are seen to

produce prominent darkened spots on the surface.
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4.4 Formation of Cones

For this experiment, clean CR-39 samples (unseeded) were irradiated using 157nm laser
radiation over a range of pulse number from a single pulse to thousands of pulses and over a
range of fluences from ~50mJecm? to ~180mJem™. The dark spots that were seen under
optical microscopy in the previous section were confirmed by scanning electron microscopy
to be cones on the CR-39 surface. These had very well-defined structures and, in general,
appeared to have even better definition than those on the irradiated polycarbonate surface. In
particular, the cones on CR-39 were found to have extremely straight walls and to be
extremely sharp at their tips as can be seen from the results shown in Figure 4.4. From the
SEM images of the ablation sites, small particles appeared to be on the surface though it is

difficult to make out if these reside on the top of the cone as ‘initiating’ sites.

Figure 4.4a and b show the cones that developed at fluences of 112mJem™ and
180mJcm™? with 500 pulses. The cones appear to have a similar size and shape at the same
fluence. A comparison of Figures 4.4 a and b shows as expected that the cone apex angle is
larger at the lower fluence i.. the full apex angle is ~70° at 112mJem™ and ~55° at
180mJcm™ when corrected for the 60° viewing angle. It also appears that the cone tips get
sharper as the fluence is raised. Exposure the CR-39 surface to a higher number of pulses,
Figures 4.4c and d, led to an increase in the areal density of the cones compared to that at

lower pulse number, Figures 4.4a and b.

Figure 4.5 shows a group of cones produced with 500 pulses at a fluence of ~80mJcm™.
In this case, the cone full apex angle is 83° corrected for the viewing angle of 60° on the
SEM. At this fluence of ~80mJcm™, the cones have not fully developed and are not as well
defined as those seen at higher fluences (Figure 4.5b and c), where the full apex angle is 66°
and 51° respectively, again illustrating that the angle is reduced at higher fluence. Here they

are fully developed, with sharp tips and very well defined structure.

In Figure 4.5a the ablated surface of this polymer well away from the cone bases is seen
to be relatively smooth and devoid from significant debris indicating the good surface quality
of this material when ablated with the 157nm laser. The fringes around the bottom of the
cones can be clearly seen in Figure 4.6a with 100 pulses at ~60mJcm™ and Figure 4.6b with

100 pulses at ~180mJ cm™.
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4.5 Ablation Characterisation from the Cones

The ablation threshold of CR-39 was calculated from the apex angle of the cones
developed on the irradiated surface. Using equation 3.15 in Chapter 3, a graph of

w(8,) =sind, versus inverse fluence, F’, should give a straight line with a slope related to

the threshold F7. The measured cone angle was corrected by a similar method to that applied
to polycarbonate (expression 3.14) to account for viewing angle, but angle-dependent
reflection loss on the cone wall was neglected. Figure 4.7 shows the resulting data. At the
higher fluences the cone angles showed quite a small spread in value. The gradient obtained
from the slope linearized by fitting a plot of y(8) versus F' through the origin in F igure 4.7
gives a threshold of 58mJem™ which seems broadly consistent with that deduced from the
etch rate. It is interesting to observe that in previous work on ablating CR-39 using a CO,
laser at 10.6um [3], a threshold of 25Jcm™ was found and its was concluded that the ablated
surface was free from micro-cracks, vents or chips. This threshold is much higher than
obtained here, the difference principally arising from the greater absorption in the VUV

spectral region.
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Figure 4.7: Experzmental results for y(6)= sin 0, where 6, is the true cone half-angle as a function
of inverse fluence (F '), for CR-39 ablated at 157nm. The line is a fit that gives a threshold fluence of
58mJem™.
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4.6 Track Etching on the CR-39

This section describes preliminary studies of ablating CR-39 that had been pre-exposed
to ionizing radiation in the form of alpha particles of a few MeV energy. Radiation tracks
were produced by exposing it to a **Ra source (1.6x10° yr half-life) with an activity of
Smicrocurie. This radium isotope decays principally by alpha emission with energies of 4.87
and 4.61MeV. The alpha particles pass through the material, transfer energy to electrons
resulting in a trail of damaged molecules along the particle track. The track can be made
visible upon etching with the strong acid or base solution, as the radiation damaged polymer

along the particle track etches about 10 times faster [4] than the parent polymer surface.

Irradiation of polymeric material with ionizing particles may cause many types of
changes and produce chemical products in the system. It has been reported earlier that
irradiation of CR-39 with X-rays produces CO; in the polymer [5]. A clearer understanding
of bond breaking by ionizing particles and, thus, the changes in the track registration
properties of CR-39, may require further analysis of the kinetics of the bond breaking.

According to Tse et al [6], when CR-39 is exposed to ionizing radiation, two alkyl
radicals and a polycarbonate-ended radical is dissociated into 2,2-oxydiethanol diradical and
carbon dioxide during the process of decarboxylation. Irradiation of CR-39 with alpha
particles in the presence of oxygen in the air prevents the recombination of free radical pairs
and as a result permanent damage is formed along the alpha-particle trajectory. The damage
created by the incident particle can be through collision by the particle itself or from the
ionizing particles created along its track. A qualitative diagram showing how the tracks are
produced by solution etching is sketched in Figure 4.8(a-c). In this diagram the assumption is
made [4] that the undamaged surface is eroded away at a velocity Vg orthogonal to the
surface. If the etching velocity along the damaged track is V7, the angle of incidence on the
surface must exceed a critical angle 6, to avoid the track disappearance due to the progressive

etching of the normal surface. This critical angle can be express as:

0, = sin‘l(gi)
r “.1D
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Figure 4.8:(a) Model of track etching in which the normal surface is removed at a velocity V¢ by
chemical reaction and the damaged track at a velocity Vy, leading to a cone-shaped pit.(b) Track
formed at an angle ¢ less than critical angle (c) The case is where particle enters at the critical angle
6., tracks formed at angle greater than 0. with respect to the surface will be visible after etching [4].
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4.6.1 Experimental procedure

Samples of dimensions 25 x 25 mm? were cut from the Imm thick sheet of CR-39 and
taken to Castle Hill Hospital where they were exposed to the *Ra alpha source. As ~5MeV
alpha particles penetrate only about 8mm of air the samples were placed directly on the
source window and exposed for ~1s, 5s or 10s. One sample remained unexposed in order to

provide a control measurement.

Following exposure the samples were etched by placing them in a 6.25N sodium
hydroxide (NaOH) solution in a glass vessel that was held in a stirred water bath that
maintained the temperature at 70°C. They were held under these conditions for 1.5h and then
removed, washed with distilled water and dried in air. According to the literature these
etching conditions typically produce tracks ~7um in diameter and ~150pm long for alpha
particles of 4-5MeV energy [7]. Studies were then carried out using optical microscopy and
scanning electron microscopy (SEM) on samples that had been subjected to the following

treatments.

= Chemical etching but unexposed (‘control’ sample).

» ~Is exposure to alpha particles and chemically etched.

» 5s exposure to alpha particles and chemically etched.

» 10s exposure to alpha particles and chemically etched.

»  Unexposed to alpha particles, chemically etched and irradiated using 157nm laser
radiation.

» 10s exposure to alpha particles, chemically etched and treated with 157nm laser
radiation.

» 10s exposure to alpha particles, no chemical etching but treated with 157nm laser

radiation.

Ablation of the samples was carried out in vacuum (10'5mbar) using the F, laser set-up
described in Chapter 3 (Section 3.2.2) at a laser repetition rate of ~10Hz with an imaged
aperture demagnification of 10x. Following exposure to a given number of pulses, the effects

of 157nm laser irradiation were assessed.
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Figure 4.10 below shows the areal density of the tracks formed as a function of the
duration of exposure to the alpha source. The areal density was estimated by counting the
number of tracks within a given area of the image (typically over a 100um x 100pm field). It
is evident that longer exposure time significantly increases the track density, with the value

reaching approximately 4x10° tracks/cm? for the 10 second exposure.

w -

Track areal density (/cm?)
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Figure 4.10: Variation of the areal density of tracks with time exposure to alpha particles for CR-39.

The CR-39 samples exposed for 5s and 10s to the alpha source were observed under the
SEM in order to obtain a higher resolution view of the tracks. Figure 4.11a and b show the
sample surface that was exposed for 5s. The etched holes are sharply defined and at the
surface have cross-sections varying from circular to quasi-elliptical. This is because the
radiation source emits over a wide range of angles and alpha particle damage tracks thus
make various angles with respect to the surface normal. Those entering at an angle that
exceeds the critical angle defined by equation 4.1, will be revealed by sclective etching.
Corresponding views for 10 second exposure, where the density of tracks is higher, are seen
in Figure 4.11c and d. Here there is a higher statistical likelihood of particles overlapping, as

is borne out by the close clustering of some groups of holes seen in Figure 4.11d. A close
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4.13b). In some tracks, cones are starting to develop. In Figure 4.13¢ where 500 pulses were
used tracks are no longer visible in the centre of laser region and a high density of cones has
formed on the surface. As seen below the presence of the track-etch sites appears to provide
‘nucleation’ points for cone growth. Figure 4.14 shows normal incidence SEM views of the
ablation area and the region adjacent to this that was not exposed to the laser. Figure 4.14(a)
is the result for a single pulse, (b) for 10 pulses and (c) for 500 pulses applied on the CR-39
samples at ~130mJcm™. With a single pulse there is some rounding of the edge of the holes
that is suggestive of softening of the polymer and melt flow having then occurred. With 10
pulses (Figure 4.14b), cones begin to form, some appearing to grow from the cone rim. These
cones become much more pronounced with 500 pulses and nearly completely cover the track
etch holes leaving only small openings where several cones have begun to coalesce as
indicated in Figure 4.14c. It appears that the track etch sites provide nucleation points for the
growth of conical structures and as a result the cone coverage of the surface increases
significantly. This is seen clearly in on the right hand side of Figure 4.13c where there are
many cones distributed across the surface. The reason for this is not fully clear but may stem
from residual chemical deposits associated with the chemical etching or simply be a result of
the non-uniformity of etching at the step at the rim of the hole. A contribution from radiation
damaged polymer appears to be ruled out as this extends only over ~10nm diameter, so will
have been stripped away in the early stage of chemical etching and will no longer remain

when the surface is ablated.

The capability of producing small chemically etched holes in alpha-exposed CR-39
offers a simple way to explore basic mechanisms in F, laser polymer ablation such as
resolution limits set by melt-flow on the heated surface and related surface smoothing effects.
Though the preliminary work described here has used only one set of chemical etching
parameters to generate track etch sites of a few microns size at the surface, it should be
possible to produce sub-micron holes by reducing the etching time. This could form a means
of studying how surface nano-features evolve under 157nm ablation and how and why cone
growth is initiated at these sites. It has been reported that long wavelength lasers exposure
can be used to strip away a surface layer of polymer that is hard to etch, speeding the
chemical etching process. It would be interesting to see whether 157nm surface ablation prior

to alpha-particle exposure can influence the subsequent chemical etching rate.
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CHAPTER §

SURFACE QUALITY OF POLYMERS ABLATED WITH THE 157nm F,
LASER

5.0 Introduction

This chapter will describe theoretical and experimental studies of the surface quality of
157nm F; laser ablated polymers. Limitations set by statistical fluctuations in the multimode
beam, and by stationary beam non-uniformity i.e. that is fixed from pulse-to-pulse, are
explored together with material issues such as debris formation/re-deposition from ablation
products where cones appear under F, laser exposure. Experimental work on ablating
polydimethylsiloxane (PDMS), Lexan polycarbonate (PC) and the polymer CR-39 has been
carried out by assessing the quality of the ablated surfaces using a white light interferometer
(Wyko NT1100).

Theoretical consideration is given to the fundamental limitations that coherence effects
have on the attainable smoothness of an ablated surface [1] i.e. arising from spatially varying
statistical fluctuations that occur from pulse-to-pulse with the multi-mode beam, as well as
practical aspects related to stationary beam non-uniformity [2]. The magnitude of statistical
fluctuations is predicted to be a few percent, with associated roughness increasing as m”,
where m is the number of ablation pulses [1]. Beam characterization through use of VUV
excited fluorescent from a glass plate recorded using a couple charge device (CCD) camera,
as has been investigated to support this statistical fluctuation work will be described in the

next chapter.
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5.1 Theoretical Considerations of Ablation Uniformity

5.1.1 Multimode beam fluctuations

The free-running F, laser is usually operated with emission linewidths and a resonator
Fresnel number that supports a vast number of electromagnetic modes (typically ~107) [1].
Highly multimode emission is attractive for certain applications as the many modes
superimpose to produce very good spatial uniformity but with a low degree of coherence,
greatly reducing speckle effects. Generally, the modes will have random relative phases on a
pulse-to-pulse basis and interference among them can lead to small scale-size fluctuations in
the local fluence. The presence of many modes makes possible a statistical argument with
which to assess these fluctuations. When the output is averaged across all such mode groups
within the lasing linewidth it should approximate to a Gaussian probability distribution for

the fluence of the form:

F—{F)*
dp = ! exp{—( <2>) }dF 5.1
o271 20

Here dp is the probability that the fluence F will lie in the range F to F+dF, <F> is the mean
fluence (i.e. the long term average) and o is the standard deviation of the distribution given by

o=< F > [ ‘e ) where 7, is the laser pulse duration and z is the laser coherence time. For a

fT,

Lorentzian lineshape, as assumed here, 7. = i where Av is the laser linewidth. If the laser
TAv

emits a linearly polarized beam then f'=1 but if the emission is unpolarised f =2 as twice as
many independent modes makeup the output. This behaviour is confirmed later in the thesis

by modelling the incoherent superposition of a large number of Hermite-Gaussian mode

groups.

The coherence area Ac determines the transverse spatial extent over which the output

2

beam retains coherence. For a rectangular beam this is given approximately by 4. = —A¢T9

where A¢ and A are the full-width beam divergence angles in its wider and narrow
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dimensions which are referred to as the x and y directions of the laser beam. The coherence
fluctuations described by equation 5.1, will thus be uncorrelated and random between
different coherence ‘patches’ in the beam. As an example, taking values of A¢ =2mrad and

A@= 8mrad for the divergence angles of the F; laser gives 4. ~ 1.5x10”m?.

The effect of these fluctuations can now be assessed for material that has an assumed

ablation rate per pulse, x, of the form:

el
ay \Fr

Here a4 is the effective absorption coefficient at the laser wavelength and Fr the fluence at

(5.2)

the ablation threshold. Equation 5.2 has been found to be approximately useable for many
laser material systems over a limited fluence range and has the advantage of analytical

simplicity.

Suppose ablation of the material surface is a result of exposure to m laser pulses at an
average fluence of <F>. It arises from the equations 5.1 and 5.2 that the ablation depth D will

have an uncertainty between different coherence patches that can be determined from:

o

<F>+t—

D=""In Jm
Qo F,

(5.3)

as —is the standard error i.e. standard deviation of the mean. Assuming <F> is large

Jm

compared to , equation (5.3) can be expanded as:

ﬁ
Jmo

D=<D>t———
Ay <F>

54

where < D >= —rﬁ—ln( ) is the mean depth of material removed from the surface by

ay; <F.>

ablation using m laser pulses. Equation 5.4 shows that the spatially varying fluence leads to
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an uncertainty in the ablation depth. Although the relafive uncertainty in the depth, given by

Jmo o

2y <F><D> <F>Jmn(F/F,)

. 1 .
, decreases with number of pulses as—=, a residual

Jm
Jmo

Ay <F>

roughness is imposed on the surface of magnitude = that increases asm .

Evaluating o in equation 5.1 using an estimate for the line width of ~8.8 GHz (0.82 pm) [3]

for the main 157.63 nm transition of the F; laser and taking ¢ , =1lns, we obtain estimates of

[0
<F>

= 5.7% for a polarised beam ('=1) and 4% for an unpolarised beam (f = 2). For the F»

laser these ‘mode speckle’ fluctuations are predicted to be significantly larger than, for
example, the free-running ArF or KrF laser because the latter have larger linewidths resulting

in there being more independent modes involved in the spatial averaging.

If the surface roughness factor, 7, is expressed in terms of <D>, we obtain,

e <D> o
- ! <F> | <F>
&, nf F } (5.5)

This indicates that when it is desirable to minimise roughness on the ablated surface, it is
advantageous to have a high absorption coefficient, and to work well above the ablation
threshold. In this respect the F; laser has an evident benefit for processing polymers, glasses
and indeed, other insulator materials, as a.y can be large in the VUV with correspondingly
low thresholds, permitting ‘well above threshold’ ablation. Even so the roughness induced by

‘mode speckle’ can be important.
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5.1.2 Stationary Beam Non-Uniformity

It is of interest to examine how stationary beam non-uniformity effects the ablation depth
L.¢. variations in <F> that remain unchanged from pulse-to-pulse. Consider that the 157nm
laser beam is nominally flat-topped and has a residual fluence variation of |dF} K< F >
superimposed on the profile. Then, from equation 5.2, we find that 8D, the difference in the

depth of ablated material when exposed to m pulse at fluence <F> and at <F>+dF, is:

dF
P . =,
<F>a, 1n(<F>)

(5.6)

T

Equation 5.6 shows that the variation in depth or roughness of the ablated surface is now
linearty dependent on the ablated depth D but is independent of the value a5 which differs
from equation 5.5. For low roughness it is still, however, advantageous to work at high

fluence above the ablation threshold.

Stationary beam non-uniformity even at a level as low as 1% can evidently produce
significant difference in ablation depth and it is likely that random variation of this magnitude
could easily be introduced by imperfection in the beam delivery components. As an example,
an ablation depth of D = 20pm produced with <F>/F7 = 3 and stationary non-uniformity of
dF/<F> = 0.01 (1%) is predicted to lead to 6D = 180nm. This depth uncertainty could
present a significant problem if fabricating precision a optical surface by ablation and points
to the need for good beam homogenisation in applications work. Stationary non uniformity
may also appear from coherence effects in contact and projection imaging where diffraction
patterns with significant fluence modulation are produced on the material surface [4]. This
can be particularly problematic for the F; laser because of its relatively narrow line width and

long coherence length.

In order to make quantitative characterisation of roughness, white light interferometry
has been used to analyze the surface of ablated polymer samples, in terms of the average
roughness Ra and the RMS roughness Rgq. The surface roughness average is illustrated in

Figure 5.1 where the parameter contains the variation in height from point to point on the
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The distribution p(r), where the height of the mean line of the profile, can be
characterised by its central moments of the profile:

0

p = [r" p(r)dr
o (5.8)

The variance v is in units of (height) squared; this is related to the square of the standard
deviation of the distribution i.e. v = ¢%, and Rgq is formally identical to the RMS roughness.

Many surfaces have more or less symmetrical height distributions which can be represented

o I(:/%)exp[—(z’; J] (5.9)

as the Gaussian distribution:

5.2 Experimental Techniques

Experiments on the surface quality of laser ablation were carried out using the Lambda
Physik LPF 202 F; laser producing output energy of up to 35mJ at a pulse repetition rate
<20Hz. Samples of PDMS, PC and CR-39 were used as ablation targets. The target samples
were mounted on a stepper motor driven stage that allowed precision adjustment of their
position. Laser interaction took place in the vacuum chamber with the pressure of 1x107
mbar. The chamber was connected to the laser by a 2m long beam delivery tube. The surfaces
of the ablated samples were investigated using both scanning electron microscopy (SEM) and

the white light interferometer to provide information on roughness.

5.2.1 White Light Interferometer Analysis of the Ablated Site

The use of the white light interferometer not only allowed for precise depth
measurements to be made but also the profile of the etched surface could be determined.
Generally, white light interferometer profilers provide three-dimensional measurements that

represent undulations on the ablated surfaces. It is possible to use such measurements to
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determine various properties of interest such mean roughness and roughness distributions for
ablated material surfaces.

The white light interferometer could be used to obtain information on the physical

smoothness of the ablated polymer surface. It provided, for example, Rg the RMS surface
roughness and Ra, the average roughness. The latter is defined by:

L
dx
Ra= I (5.10

The root-mean-square average of the surface measurement, Rg is defined as:

,L , . dx
Rq:: 6’.)’ (JC)T (5 11)

where r(x) is the deviation from the mean surface and L is some length measure along the

surface.

5.2.2PDMS

Figure 5.3 shows the image obtained from the white light interferometer crossing
horizontally and vertically on the ablated area for the case where just 5 pulse exposures is
used and the average depth removed is 0.6um at ~100mJem™. The profile in Figure 5.4
shows the ablated surface is relatively smooth and ablative removal is confined to a shallow

skin on the surface, as indicated by the height, magnitude and spacing of the peaks and
valleys.

106















Surface Quality of Polymers Ablated with the 157nm F, Laser

Figures 5.6a shows Rg and Ra as a function of the number of pulses using 157nm
laser exposure delivered to the PDMS sample at a fluence of 1000mJem™. These parameters
were based on averages made using the white light interferometer over a width of L~300um
in the X-profile (equations 5.10 and 5.11). This corresponded to approximately the full-width
of the crater and was acceptable in this case as its average base depth was nearly constant. Rg
is seen to increase in a nearly linear fashion with increasing number of pulses m, and reaches
up to Rg = 0.3um for 100 pulses. Similar results can be seen for the Ra data in Figure 5.6
where Ra =~ 0.15um for 100 pulses. The ratio of Ra to Rg, has the mathematical significance
that %ngﬁz&S for special case of a sinusoid and % 2(..2_J5 = (.8 for a Gaussian height

a /4

q

distribution [5]. For the present results, the ratio of Ra to Rg can be seen in Figure 5.7, for 1,
5, 10, 50 and 100 pulses. This ratio has a value of = 0.7, for 5 and 10 pulses but shows a
slightly lower value for 1, 50 and 100 pulses. The average value is 0.634, which suggests that

a Gaussian-like roughness distribution is produced on PDMS with the 157nm laser.
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Figure 5.7: The ratio of the average surface roughness (R,) to RMS surface roughness (Rq) against
number of pulses for PDMS when ablated using the 157nm laser at a fluence of ~1000mJcm™.

The roughness data seen in Fig 5.6b do not show a particularly close fit to an m'?
dependence which suggest that statistical roughening related to mode fluctuations may not be
significant and that other material related roughening effects are dominant. This is perhaps
not unexpected as PDMS is a ‘soft’ rather than rigid polymer at room temperature and

transient laser heating may play a role in deforming its surface.

5.2.3 Polycarbonate (PC)

To assess and evaluate the surface roughness produced using the 157nm F, laser, most of
the work here was focussed on the Lexan polycarbonate ablated by exposure for up to 500
pulses at an average fluence of ~230mJem™. In this case inspection of the SEM images of
ablation sites such as shown in Figure 3.22 of Chapter 3 reveals several interesting findings.
Firstly, the ablated PC is predominantly smooth and has a crack free surface. There is,

nevertheless, a factor-of-two difference in the ablation depth of the near and far sides of the
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crater indicative of a relatively large variation in fluence across the beam. Secondly, at high
fluence (~230chm‘2) and high number of pulses, it can be seen that the number of cones in

the ablated area is reduced.

To correctly characterize roughness of the ablated PC surface at 157nm, it is crucial to
eliminate cones in measurements. Cones were readily produced at fluences in the range 20-
200mJem?, whereas in general less cones develop at higher fluence. Hopp et al [6] reported
that above 600mJcm™ using 193nm laser, no conical structure was found. It believed that
under these conditions small particulates impurities are removed from the surface, thus no

cones develop from the shadow of the impurity, as noted in Chapter 3.

Figure 5.8(a-¢) shows the white light interferometer surface images and the cross
sections of X and Y profiles of the unirradiated PC surface and cross-section of X profiles
after exposure to 1, 10, 50 and 100 pulses at a fluence of 230mJcm™. H is evident that there is
a distinct growth in roughness with increasing number of pulses. Roughness was determined
by averaging over regions of width L ~100um that were selected to minimise contributions of
low spatial frequency arising from beam non-uniformity (i.e. corresponding to stationary
fluence variations) and that were free from cones. Figure 5.9 shows the surface of PC after
irradiation with 1000 pulses, indicating after exposure at higher pulse number, the cones
disappear resulting in an essentially smooth surface. Along the X profile there is a roughness
of ~3um for averaging over the full width of the ablation site.
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5.2.4 CR-39

This section will describe the roughness analysis of CR-39 ablated using the 157nm
beam. Figure 5.13(a-¢) shows the white light interferometer images and the cross section of X
and Y profiles of the unirradiated CR-39 surface, and X profiles after exposure to 1, 10, 50
and 100 pulses at a fluence of 182mJem™. Roughness determination was again restricted to
averaging over a scale length of L = 100um to minimise contributions from stationary fluence
variations and to avoid contributions from cones if present. In F igure 5.13e where 100 pulses
were applied on the CR-39 polymer, ‘dark spots’ appear, indicating cone formation, and
bringing an increasing degree of uncertainty to the roughness measurements. From Figure
5.13(a-e) there is seen to be a distinct growth in roughness with increasing number of pulses.
In Figure 5.14a (Rg*-Rg,")"”? and (Ra’-Ra)"” are shown plotted versus number of pulses,
where Rg is measured RMS roughness and Ra is average roughness where Ra, = Rq, ~
0.01um for the pristine surface of this polymer. The value of (Rg*-Rg.)™” increases to
~0.04um for exposure to 100 pulses, and average roughness (Raz-Raoz)” ? increases up
~0.03pm for the same number of exposure pulses at a fluence of 182mJem™. The roughness
of ~0.04pm for CR-39 is slightly higher than that of ~0.02pm obtained on polycarbonate at

2

100 pulses exposure. In Figure 5.14b the measured roughness (Rq2~Rq02) and average

roughness (Ra’-Ra,>)"”, plotted against\/f_n- in order to compare with the statistical roughness
expression (equation 5.5), shows quite good agreement with a linear dependence over the
range involved. Figure 5.15 shows the magnified SEM image of CR-39 on a 2um scale for a
cone-free zone. It is seen to have a relatively smooth surface texture after ablation. Figure
5.16 shows corresponding histograms of the surface height variation on the CR-39 surface.
This remains close to a Gaussian-like distribution, with Ra/Rg = 0.8, though the plots have
poorer overall symmetry for this polymer compared to polycarbonate and in this case a small

positive skew.
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5.3 Discussion

It is of interest to compare the results obtained for the surface roughness of PDMS,
polycarbonate (PC) and CR-39 ablated using the 157nm laser with the predictions of the
roughening model based on laser mode fluctuations. Turning first to the scaling with number
of pulses m, it is found that a reasonable fit to the results for PC and CR-39 is obtained using
an m"”? dependence which is supportive of a statistical roughening model. For PDMS the fit is
poorer, a result that may relate to the fact that this polymer is significantly different to PC and
CR-39, both of which are rigid at room temperature, whilst PDMS is ‘soft’ (non-rigid). This
could result in there being a degree of distortion associated with transient heating under laser
exposure that amplifies or modifies induced the surface roughness. Relaxation of residual
stress in aligned polymers is, for example, known to lead to one or two dimensional

undulations depending on whether alignment is uniaxial or biaxial [8, 9].

The magnitude of roughening r predicted by the mode fluctuation model can be

determined from

Jmo

r=—
Ay <F>

(5.12)

where afris the effective absorption coefficient at 157nm, & in the standard deviation of the
fluence and <F> the mean fluence. Based on the F, laser linewidth a value 6/<F> = 4% is

obtained for the unpolarised beam giving for polycarbonate with cg~ 3 x 10° cm™!

12

r=13m" (nm) (5.13a)

and for CR-39 with e~ 2.9 x 10°cm’™.

12

r=14m"" (nm) (5.13b)

From Figure 5.10b, the measured roughness for polycarbonate with m'? = 10 (100
pulses) is ~20nm compared with a corresponding predicted value of » = 13nm. Given various
uncertainties discussed below this is reasonable agreement. For CR-39 experiments give
~40nm for 100 pulses (Figure 5.14), compared with a predicted roughness of 14nm showing
that in this case there is a considerably larger difference between these values. Several factors

may contribute to these differences: Firstly, use of an etch rate of the form in equation 5.2 to
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For PDMS the prediocted statistical roughness is ¥ = 112'? using Oer= 3.5 X 10* cm™ and
o/<F> = 4%. For 100 pulses this gives 110nm which can be compared with ~150nm found
experimentally. Thus, though the scaling with pulse number is not in close agreement with

the theoretical prediction, the magnitude of roughness is similar to that expected.

By using the optical system reduction of 15x for PC and 10x for CR-39, resulting spatial
frequency for roughness of ~2um for wider dimension of the beam (for examples Figure 5.8¢
and 5.8¢) gives the spatial coherence as ~20pm for CR-39 and ~30um for PC for wide
dimension (X). Thus, this spatial coherence values obtained seems are consistent with the

interference effects measured from the adjacent cone base reported [10].

Previous work on the surface quality using 157nm laser on the ablated glasses shows
macroscopically smooth with no signs of cracks on the surface as it was found to have a low
ablation threshold and relative freedom from spurious microstructures formation, not like the
materials used induced on polydimethylsiloxane (PDMS), polycarbonate (PC) and CR-39
polymer is presumably are not as good as other material like glass as it found to be good
physical and chemical homogeneity, thus minimizing possibly roughening associated with

non-optical factors [1].
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CHAPTER 6

157am F, BEAM CHARACTERIZATION

6.0 Introduction

In industrial applications using excimer lasers, for example in photolithography or
material processing, the process strongly depends on the stability and the precise control of
the characteristics of the emitted radiation, such as pulse energy, beam width, divergence,
pointing stability etc [1]. As such standardized methods for the evaluation of the beam are
important. Whereas the output energy and power of the beam can be monitored by measuring
tools such as joulemeter [1] whilst to record the spatial beam profiles, or more exactly the
energy density distributions, requires specific instrumentation adapted to the output

characteristics of the laser.

In this chapter, the main objective is to report an investigation of the 157om F, laser
beam characteristics using Lumilass G9 fluorescence glass plate as a transform medium from
the vacuum ultra-violet to visible light spectral region. The plate is viewed and recorded
using the CCD camera. This experimental work is complemented by modelling of the
statistical fluctuations in the pulse-to-pulse spatial fluences distribution of the highly
multimode of 157nm F; laser beam in an effort to assess the contribution of the coherence

effects on ablated surface quality.

In the present work, many aspects have to be considered in recording the 157nm F,
beam, especially the capability of the Lumilass G9 glass as a medium for transformation the
UV radiation to visible, followed by capturing images onto a CCD chip as well as the
sensitivity of the camera as a image recorder. A computer equipped with frame grabber
software is used for the profile acquisition, real-time display and evaluation of the

characteristics of the beam parameters. The other part which plays an important role in this
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Efficient fluorescence emitters of this type are of interest in a number of areas including
optical tagging technologies [2] and work on them has also extended into the VUV because
of potential applications in Hg-free lamps and plasma display devices. For example, previous
work on a similar glass has included 160nm VUV excitation where it has been concluded by
Liu et al [3, 4] that absorption is likely due to the host glass, with subsequent energy transfer

of excitation to terbium which then emits in several narrow visible bands, the strongest being

around 540nm.

A conference report by Otani et al [5] describes preliminary studies of Lumilass G9 with
157nm laser excitation where use is made of this for beam profiling and for displaying
fringes in a VUV Michelson interferometer. The linearity of response is reported, though not
in terms of laser fluence or irradiance per pulse but ‘average UV power’. The authors state
that terbium is distributed as nanocrystals at a surface density of 102cm? with an average
ion-ion spacing of 1nm, suggesting that spatial resolution will not be limited by the material
itself. In other work Shivastava et al [6] have reported work on Lumilass G9 for fluorescence
beam profiling of the 308nm XeCl laser. A good linearity of response was found and though
their result is not quantified it can be assumed linearity extends at least to 100mJecm™ for
308nm excitation. A measured emission lifetime of 18us was obtained. They found the
material was not damaged by ablation at fluencies up to a least 100mJem™. Exceeding the
ablation threshold is clearly undesirable in an imaging application as this would irreversibly
damage the surface. No studies of ablation were carried out in the present work but it can be
conjectured that the damage threshold will be considerably lower at 157nm than 308nm
because of stronger absorption. Saturation of the fluorescence emission (i.e. non-linearity)
will anyway likely occur at fluencies well below the ablation level, so this aspect was not

pursued further.
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The schematic diagram in Figure 6.2 shows the glass used was attached to the cylindrical
glass tube at an angle of 45°. The cylindrical glass tube had a diameter of 4cm and upper
length of 9cm was connected to the F; laser beam delivery tube. Flowing Argon gas was
passed through the delivery tube to permit transmission of the VUV laser radiation shown in

Figure 6.3 with sampling area fluorescence of Smm x 10mm.

An optical fibre collected fluorescent emission from the plate and transmitted this to the
spectrometer. The magnitude of specific emission feature was monitored and its variation

with incident VUV laser energy was recorded.

6.2 Results and Discussions

6.2.1 Fused silica glass

Fused silica glass is a transparent material that exhibits a blue-violet fluorescence
emission when irradiated at 157nm. The fluorescence arises because molecules absorb the
high energy photons and then emit lower energy photons through transitions to different
levels. The emission spectrum with varies in fluences from 1.7-4.3mJem? is shown in Figure
6.4.For fused silica glass, no further investigations was carried out because of the quality of
the glass in respect of the emission spectra results obtained gives low signal noise because of

week fluorescence.
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6.3 Beam Diagnosis Experimental Arrangement

A photograph of experimental arrangement for the beam characterisation of the F; laser
is shown in Figure 6.9 where the glass plate placed on the rail in the vacuum environment and
schematically shown in Figure 6.10. The irradiance distribution of the output beam was
measured using a CCD camera (OPHIR BeamStar profiler V-PCI), size aperture of 6.4mm by
4.8mm corresponding to 320 by 240 pixels at both dimensions respectively. The experimental
arrangement used consists of the fluorescent glass plate that converts the VUV to visible
emission when is then imaged using a lens and CCD array detector to obtain the two-
dimensional profile of the beam. A trigger circuit sent signals to a computer that controlled
the laser firing sequence, and also the framestore in the CCD profiler software that
synchronized the capture of a video image to the start of the CCD camera. The CCD images
using this software provided the information for recording the direct beam profile and also
profiles of weakly focussed VUV laser spots. Intensity profiles were recorded as bmp format

images and the images could be read into MathCAD for further characterisation and analysis.
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Beam diagnostics systems for the VUV F, laser, require reasonably high spatial
resolution [1] and thus the system must have an adequate detector adapted to the near-field

cross section and, more importantly, the optics and sensors have long term stability under the

pulse irradiation.

In the present work, the optical set-up was mounted in the air and the images were
recorded through the 157nm coated radiation mirror placed on the vacuum tube rail. The far-
ficld beam was produced using a CaF; lens with focal length of 200mm to minimize errors
caused by spherical aberration. Filters were used to block red lasing emission from fluorine
before the profiles of the distributions were recorded simultaneously on 6.4mm x 4.8mm size

aperture of the CCD camera.

6.3.1 CCD camera

Charge couple device (CCD) camera consists of an array, which the element of the array
is called a photo-detector junction or photosite. CCDs are compact and highly sensitive to
light. Photosites on a CCD are composed in columns and lines which the size of photosites
range between 3 to 25 microns depending on the design of the detector [8]. The CCD camera
used in the system has 320 by 240 pixels on the size aperture of 6.4mm by 4.8mm. It is a
serious matter to ensure the adequately used of the CCD camera relates to the pixels number.
In this work, on the x dimension, this has 320 pixels at 6.4mm size of the CCD camera,
giving 50 pixels per mm or 50 lines per mm. The minimum spacing to distinguishable lines
or dots referred to the resolution of the image, that 50 lines or dots per mm is appropriate

condition in obtaining and analyzing results by using this technique [9].

An enlarged image will show good resolution for example in the Figure 6.14, if the
pixels are resolved to about 10 pixels per mm. Therefore, the analysis obtained from the
MathCAD for Figure 6.14(a), one full period is 900pm in 50 pixels giving 20um per pixels
resolution which shown the adequate way to gain good resolution results by using CCD

camcra.
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6.3.3 Calibration of imaging system

To calibrate the CCD imaging system a copper grid (S450 B450) with 450um wide
openings and 450pm bars giving a period of 900um (Figure 6.12), was contacted to the
surface of the Lumilass G9 glass plate. The plate was mounted on the glass window on the
beam delivery tube and a 157nm mirror oriented at 45° to the beam axis was used to turn the
F, laser beam onto the grid/G9 plate. This excited fluorescence in a bar pattern that could
then be imaged onto the CCD. A red filter was mounted in front of the CCD and a lens used
to produce an image of the grid on the CCD at a magnification of 2x shown schematically in
Figure 6.13. The images were recorded on the CCD profiler software in AVI and BMP files.
The images on the AVI files for several shots were transferred to Video Decompiles
application which extracted the video images of each shot of frames. These images were then
read and analysed in MathCAD.

S450 B450

450um

Figure 6.12: Grid of S450 B450 with the distance 450um apart.
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The magnification of the system was checked from the known grid period and the known
spacing of 20 um for pixels on the CCD. A value of 2.2x was obtained in this way compared
with the calculated value of 2x based on the nominal focal length of the lens of 120mm. This

true value is higher than that calculated because the latter neglected the refraction in the

Lumilass G9 glass plate and optical window.

6.4 Experimental Arrangement and Results

6.4.1 Divergence Measurement

This section describes measurements of the divergence of the highly multimode F» laser,
based on measuring the size of the output beam at various distances from the resonator output
window. The beam divergence obtained experimentally from the F, laser was measured using
beam patterns taken on the heat-sensitive paper or thermal paper at various distances from the
output laser. The thermal paper used for this objective offers a convenient method for
detecting the beam shape and it is more convenient to detect the alignment of the beam.
However, thermal papers have small dynamic range and non-linear thermal properties which,
means this method gives only a tentative idea of the shape of the incident radiation of the
laser and is unable to provide qualitative intensity profiles for further analysis. Therefore, for
the divergence measurement and to determine the intensity profile of the beam, the
experiment was concentrated on recording the images of the beam via the Lumilass G9

fluorescent glass plate for the near-field profile.

For the far-field profile, the beam was brought to a focus using a CaF, lens with focal
length of 200mm. The focal spot size of the beam provided information of determining the
divergence ( X: wider and V:narrow directions) and hence an estimate of the spatial coherence
of the beam [1]. The divergence measurement gives the spreading angle of the propagating
beam i.e. how much it is diverging from a collimated parallel beam. Divergence is important
because the lower its value, the longer the beam will remain at a given diameter.

Nevertheless, beam divergence measurement is not providing the real characteristics of the
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The size of the direct output beam of the F laser was 23mm by 7mm, which was too big
to be captured by the size of the CCD camera aperture (6.4mm by 4.8mm), and thus the beam
had to be de-magnified for the image to be recorded. The de-magnification was chosen to be
by 7x, for the profile of the beam to be viewed. The distance from the fluorescence surface to

the lens was 42cm (S,) and the distance from the lens to the CCD camera (S;) was 6cm with
focal length of the lens was Scm.

The images shown in Figure 6.19 (a -d) were taken and recorded on the software
attached to the CCD camera at varying distances along the rail in the vacuum chamber. A
measurement of the narrow and wider width of the beam was made from the profile analyzed
in MathCAD. The example of the beam profile extract from MathCAD is shown only for the
distance 800mm in Figure 6.19a. The demagnification of the CCD camera was set to ~7x. At
the distance of 800mm from the laser output, the size of the beam on the narrow width is
7.2mm and wider width is 31.5mm. At 900mm, the narrow width is 7.6mm and wider width
is 31.8mm is shown in Figure 6.19(b-d). At 1000mm away from laser output with narrow
width is 7.7mm and wider width is 33.2mm and at 1100mm, the narrow width 8.03mm and
the wider width 33.7mm.The images shown are based on a single laser pulse. To measure the
size of the beam from the profile shown in Figure 6.19a, the widths were defined in terms of

the full-width at half maximum points.
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Figure 6.20: Narrow width of beam plotted versus distance giving a divergence of 2.7mrad for
the 157nm laser.
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Figure 6.21: Wider width of beam plotted versus distance from which a divergence of 7.9mrad is
Jfound for the 157nm laser.
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Also shown is a histogram representation of the spatial fluctuations. Fluorescence images
were recorded for various laser output energies and thus fluence on the plate. To minimise the
contributions from the small but significant change in mean laser fluence and hence
fluorescence amplitude over the image at the CCD, averaging and statistical characterisation
was carried out on restricted groups of adjacent pixels and the ratio o/<m> = (standard
deviation/mean) was obtained. This was repeated over typically 5 intervals across the CCD
image and these were then used to produce an average value for o/<m>. The several data
points show at different points of the beam. For an F, laser fluence of ~0.5mJem?, a level at
which the Lumilass glass should remain essentially linear in its fluorescence response, the
averaged single-pulse spatial fluctuation was o/<m> = 3.1% (standard deviation /mean). The
plot in Figure 6.24 show o/<m> for the X and Y directions of the beam with various F; laser
operating voltages to change the fluence on the fluorescent plate. It appears there is little
change in the average o/<m> as the fluence is raised; it should be kept in mind, however,
that at the higher fluencies a degree of fluorescence saturation is likely which could act to
compress the amplitude of fluctuations. The use of attenuator plates was deliberately avoided
in this part of the work because of concerns that they could introduce fluctuations that would

be difficult to characterise i.e. through inhomogenieties, scattering etc.
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if, for example, the 1/e® width is taken it is 44um for the Gaussian and 5Slpm for the
Lorentzian. As these are much smaller than the dimension of the beam at the lens, the
restrictions noted above on uniformity of irradiance and the influence of edge effects should
be satisfied. Further work on Fourier analysing the full focal spot distribution to obtain the
two-dimensional coherence function would be of interest but time constraints prevented this

in the present studies.

6.7 Modelling of Mode Coherence Fluctuations

To theoretically determine spatial fluctuations in the highly multimode output beam of
the F; laser a numerical model has been used based on a set of Hermite-Gaussian modes with
weightings chosen to simulate the beam profile. Fluctuations are assumed to arise because the
modes have differing frequencies as set by the constraints of the laser optical resonator and
laser line-width. Those lying sufficiently close in frequency may remain coherent over the
duration of the emission pulse. If their relative phases are fixed then interference effects will
remain unchanged from pulse-to-pulse. However, in a free~-running laser it is more realistic to
assume that the relative phase of modes varies randomly from pulse-to-pulse, so interference

effects will fluctuate resulting in changes in the fluence at a fixed point in the beam.

This can be illustrated by a simple example where two optical fields with unity amplitude,

angular frequencies w and @ + dw, and phase difference ¢ are added, producing a resultant:

E, =sin@t+sinf(® + sw)t +¢)] (6.8)

The time averaged irradiance, found from £, >, can be expressed as

2« p{sin® @t +sin*[(@ + Sw)t + ] - cos[(2w + Sw)t + ¢]+ cos(dwt + ¢)}dt
I={E])= j -
0

(6.9)
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If the averaging time,7, is considerably longer than 1/v where v =a/27 is the optical
frequency, the two sine squared terms in the integral each average to % and the cosine in the

third term to zero. Assuming dw << @, the fourth term remains so that

. 0wT
v sin———
[=(E.2) = cos(dw t +g)dt _ 2 oot
(E.D 1+0j - L+ ——=—cos(——+¢) (6.10)
2

Defining the coherence time as 7, = 1/6v= 2n/dw this becomes

T

sin—
T T
I=1+ ~cos{ —+¢
T T,

% (6.11)
The following observations can be made:
(1) If 7>> z, it follows from equation (6.10) that 7 = 1 and the resultant irradiance is

simply that for incoherent addition of the two waves.

(i)  The difference between the irradiance averaged over a finite time and the long-

term average is

[-1=sinc - cosZE + ¢) (6.12)
TC TC

Suppose now the waves are emitted as a series of pulses each of durationz . If the phase
difference ¢ remains constant then, according to equation (6.12), I will, in general, differ
from the long-term average but this difference will be the same from pulse-to-pulse.

However, if the phase difference varies randomly from pulse-to-pulse then I will fluctuate

. AT . .
over arange *sinc—, as the cosine term is bounded by 1.
T

c

This is illustrated in Figure 6.31 where I is plotted with a ratio of ‘pulse’ duration to
coherence time set at 77, = 4.5 and ¢ is varied randomly from 0 - 2= for a sequence of 100

pulses. I is seen to fluctuate about the average value of unity in a noise-like manner.
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where the phase ¢ takes a random value between 0 and 2m. The irradiance of the /™ mode
group is found from

1,(x)=) E,(xE,;(x) (6.17)

and the total irradiance (equivalently fluence) profile of the beam obtained by summing

over all independent randomly phased groups

I(x)=>"1(x)
Y (6.18)
The result for partial coherence with j = 600 is seen in Figure 6.33 and it is evident that

significant spatial fluctuation occurs when compared with fully incoherent addition.

The corresponding probability distribution for the time-averaged irradiance (fluence)
across the profile is shown in Figure 6.34 and has a good fit with a Gaussian. The ratio of the

standard deviation to the mean is 0.038, which compares closely with a value of
1/ \/7 = 0.041expected using a simple statistical argument that has previously been used to

estimate mode fluctuations [14]. A statistical optics treatment of this problem has also been
reported independently by Rydberg ef al {16]. They analyse mode coherence effects in optical
projection lithography using excimer laser sources and have used the term ‘dynamic speckle’

[16] to describe spatial fluctuations that vary with each pulse.
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These theoretical results give a magnitude of 3.8% for mode coherence fluctuations
which compares quite closely to a value of ~3.3% obtained from the fluorescence imaging

measurements described in section 6.4. It should be noted that the modelling is a

simplification in that

() It neglects gain saturation effects which can act to reduce fluctuations over the
‘cold cavity’ case (i.e. resonator without gain medium) [14].

(1) It does not take account of the shape of the laser pulse

(iii) The spectrum of the F, emission is assumed to be Lorentzian and to occur on a
single line; whereas it is known [15] that weak lasing may also occur on other

adjacent transitions.

The fluctuations found in this way are larger than expected for other excimer because
the relatively narrow linewidth of the 157nm F, laser means fewer incoherent mode groups
are involved in the averaging. This effect can play a role not only in materials processing by

ablation, as was of interest here, but also in lithography [16].

6.8 Summary of Coherence Measurements

Three experimental approaches have been used to estimate the spatial scale length over
which coherence is maintained in the F; laser output beam. The beam has a quasi-rectangular
profile, with greater divergence in the long dimension than in the narrow dimension on
account of the difference in the maximum transverse mode numbers in this asymmetric

profile.

In Chapter 3, micron sized cones formed in ablated polycarbonate were shown to
produce interference by reflection in a two-dimensional analogy of the Lloyd’s mirror
geometry. From the range over which fringes remained visible, estimates of the spatial
coherence lengths of ~54pum along the Y axis (narrow dimension) and ~21-24pum along the X

axis (wide dimension) of the beam were obtained (Table 6.3).
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The second approach is to use the full-width at half-maximum divergence angle, A8,
obtained from the fluorescence imaging of the direct output beam at increasing distance from
the laser output as described in section 6.3.2. On the assumption of a uniform one-

dimensional irradiance distribution the spatial coherence width, 4, is related to A@by

A =\/AO (6.19)

This expression gives the spacing between two points on the beam at which the
coherence first falls to zero. This is clearly at best an approximation for the actual beam
profile generated by the laser, particularly in the X direction. Values obtained from equation
6.19 in this way are 58um along the ¥ axis and 20pum along the X axis.

The third method, described in section 6.5 is based on a Fourier transform of the focal
irradiance distribution. This has the potential to provide quantitative information on the form
of the mutual intensity function and as such it is more powerful than the two other methods
above, neither of which can provide such information. A preliminary measurement based on
fluorescence imaging of the F laser focal plane irradiance distribution was made for the Y
axis (narrow direction) of the beam. The resulting coherence function appeared to fall
between the transform of a Gaussian and Lorentzian, giving a coberence width in the range
44 - 55um based on the distance over which the mutual intensity function dropped from 1 to
1/e2. This value differs somewhat from that found using the other methods (Table 6.3) but
this is not surprising given that these are estimates based on simplifying assumptions about

the beam profile.
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Conclusions

Previous research has shown that the photoetching of polymers can produce a variety of
morphological features on the ablated surface e.g. well-organized laser-induced periodic
structures, one and two-dimensions ripples driven by relaxation of stress in aligned polymers,
and micro-scale cones. In the course of the studies, it was observed that very well defined
cones could be produced on ablated Lexan polycarbonate surfaces that were either seeded
with small particles or were un-seeded. In a similar fashion it was found that certain ablation
parameters led to exceptionally well defined cones forming on CR-39 polymer. These conical
microstructures proved useful as they permitted an estimate of the ablation threshold (F7) to
be determined from the apex angle of the cones. This gave Fr = 25mlcm? with 20%.
uncertainty in the calculation for Lexan polycarbonate using a refractive index p= 1.463 to
determine reflection loss at the sloping wall. The corresponding value was 58mJcm™ for CR-
39 though this remains an estimate as the 157nm refractive index was not available for this
material. The cones developed on the CR-39 were exceptionally good, having very straight
smooth walls and extremely sharp tips. The cones that developed on the surface led to
interference effects that resulted in fringes forming in the region adjacent to their base. The
characteristics of the interference fringes can be related to the divergence of the laser, thus
allowing spatial coherence to be determined. The spatial coherence calculated from
interference effects produced by cones of a few microns dimensions on polycarbonate was
found to be ~21-24um based on wide dimension of the beam with an 8 mrad divergence

value, and 54pm on the orthogonal dimension with an 3 mrad divergence value.

The morphology of cones on polycarbonate and CR-39 polymer indicated that a very
smooth surface can be produced on microstructures produced by 157nm ablation. The surface
roughness of these polymers was characterised using white light interferometry (VEECO-
Wyko NT1100) on regions free of cones and compared with the value predicted using a
theoretical model based on mode related coherence fluctuations. Based on the F, laser
linewidth a value o/<F> = 4% is obtained for the unpolarised beam giving for polycarbonate
with aer~ 3 X 10° cm™ and for CR-39 with aeg~ 2.9 x 105cm'], the measured roughness for
polycarbonate with ' = 10 (100 pulses) is ~20nm compared with a corresponding predicted
value of r = 13nm, with various uncertainties explained in this chapter. For CR-39
experiments give ~40nm for 100 pulses, compared with a predicted roughness of 14nm

showing that in this case there is a considerably larger difference between these values.
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Conclusions

A preliminary study was made of CR-39, a track-etch material for heavy ionising
particles, by exposing it to a 226 Ra alpha source (~5MeV) and then using chemical etching
(NaOH 6.25N for 1.5hour) to reveal the alpha tracks. Various pulse numbers of 157nm laser
pulses were used to ablate these samples and then optical and scanning electron microscopy
(SEM) employed to view changes to the morphological structure of the etched tracks. As
radiation damage alters the properties of the polymer it was conjectured that laser etching
might be a possible route to revealing tracks. However, the samples exposed to alpha
particles and then laser etched without prior chemical etching showed no morphological
evidence of tracks after ablation at 157nm. This is possibly because the latent radiation’
damage sites initially extend over a diameter of only about 10nm and hence would be ‘un-
resolvable’ at this wavelength. However, interesting effects were observed in radiation
exposed samples that were chemically etched in NaOH to reveal deep tracks of 2-3um
diameter and then ablated using 157nm laser. Smoothing of the edges tracks due to melt flow
relaxation and, under multiple numbers of exposures, a significantly increased density of

cones structures was seen, evidently their growth being seeded by edges of the tracks.

In the final part of this work a technique was developed for characterising the VUV F,
laser beam using a fluorescence glass plate (Lumilass G9). This approach was found to be
technically quite useful as several important characteristics of the laser beam could be
determined. Using this fluorescence technique, two-dimensional beam profiles could be
recorded using a CCD camera and subsequently analyzed using MathCAD software allowing
indirect measurements of spatial coherence, and beam fluctuations to be assessed. The
saturation effects on the fluorescent glass were also investigated. The beam divergence of the
laser measured using this technique was 2.7mrad in the narrow and 7.9mrad in the orthogonal
wide direction. From focal spot irradiance, focal spot found to be as 0.42mm on narrow width
(Y) gives the divergence of 2.1mrad. Using a low laser fluence of 0.5mJem?, the fluctuations
value calculated in MathCAD (Section 6.5) shows a value of ~3.3%. The coherence width
derived from fluorescence focal irradiance the 1/e width is found to be 31um for Gaussian fit
and 25um for Lorentzian fit. From modelling of fluctuations using the Hermite-Gaussian
simulation, the theoretical results give a magnitude of 3.8% for mode coherence fluctuations
which compares quite closely to a value of ~3.3% obtained from the fluorescence imaging

measurements described in section 6.5.
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Conclusions

this material. This points to an opportunity for further studies on using this material as a
substrate for defining various micro-structures by VUV ablation e.g. using nano- and micro-

particles to seed cones in a controlled way, and micro-whiskers to generate analogous
prismatic structures on CR-39.
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The height perceived is A, giving:

h = h, cosd,
)

Then by substituting (i) and considering the half base of the cone as by, the perceived angle

(6p); with viewing angle as (6,) giving:

b
tan 6, = 710—
? hycosé, (ii)

From equation (ii), if viewing angle (8,) is 0, then equation (ii) become:

tan@, = L}
hy (iii)

And if viewing angle (6,) is 90°, equation (iii), become tan 6, =0, andd, =90°, so for the

half true angle (8,) for each of the angle applied, if tan 8, = Z—O , giving

0
the equation below:

tan @ =tan6’

p

cosé,

cos@,.tan6, =tan 6,

6, = tan "' (tan8,.cos6, )

(iv)
Viewing angle (6,) viewed from horizontal, thus for the viewing angle from the vertical,

giving:

6 = tan‘l[tan QP.COS(% - Hy)} )
\
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Fig. 4 Modelled interference fringes produced in the region adjacent
to the base of a cone in polycarbonate with cone half-angle = 0.337 rad
(19.3°) and base radius of 2461 nm. The cone edge is at the origin
x = 0. 100 pulses at 81 mJcm~2 per pulse and effective absorption
coefficient k = 0.024 nm~! and ablation threshold Fr = 15 mJcm™2.
Refractive index u = 1.463

Assuming the cone height increases at a uniform rate from
pulse to pulse and that d = k~1In F/Fr describes the etch
rate per pulse, the removed depth of surface dy, for m pulses
is

m
dn=)_
n=1

Here

ln[Ftot(x, n)y]

x| =

Fiot(x, n) = Fru s (x + b(m) — b(n))
+ Fran,p(x +b(m) — b(m))  for 0 <x < Xmax

and

Fot=1 forx > xmax-

Xmax = b(n)/cos 26, is the maximum value of x for which
the reflected beam overlaps the incident beam on the nth
pulse when the cone has a base radius b(n) (Fig. 3). y =
'F/Fr is the ratio of the incident to the threshold fluence. In
this simplified picture the cone-initiating mechanism, which
is thought to initially depend on diffraction at a particulate
inclusion [1, 3], is neglected.

Figure 4 shows the calculated surface profile beyond the
base of a cone produced in polycarbonate ablated with m =
100 pulses, F =81 mJcm™2, Fr = 15mIem™2 (y =5.4).
The cone angle was set at §; = 19.3° and the pulse num-
ber chosen to produce a cone base radius of 2.5 ym to al-
low for comparison with the result in Fig. 22 and b. A value
of k = 0.024 nm™!, some 20% lower than deduced from
Fig. 1, was used to provide a cone depth consistent with ex-
periment. It is evident that the simulated profile is in good
qualitative agreement with the etched region containing the
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fringes seen adjacent to the cone base in the SEM. The peak-
to-peak depth modulation reaches ~95 nm near the base
edge. An interference minimum is placed at x = 0 as there
is a 7 phase shift for the reflected s-component, and, with
@ =1.463, when 6; < 34.4° for the p-component. This min-
imum location likely plays a role in the cone development
but was not investigated further here. The fringes have a
period of ~252 nm, in good agreement with (1). The etch
depth outside of the reflected beam zone is 7031 nm, but it
is deeper by ~150-195 nm at the edge of the cone base (de-
pending on beam divergence) because of the reflected con-
tribution. The fringe amplitude is limited by the spatial shift
from pulse to pulse. Further, fringe visibility falls as x in-
creases both because of the finite spatial coherence of the
beam and the reflected beam expansion factor /.

The etch-depth curves in Fig. 4 are for intrinsic beam di-
vergences of 3 mrad and 8 mrad as estimated for the nar-
row and long dimension, respectively, of the rectangular out-
put beam of the 157 nm laser. In the simulation these di-
vergences have been increased by 15x because of the pro-
jection image demagnification factor. The range over which
fringe visibility is maintained is lower for the larger di-
vergence as the corresponding spatial coherence width is
reduced. This is borne out by the experimental results in
Figs. 2b and 2¢, where the fringes in the direction of low spa-
tial coherence extend over a considerably smaller distance
than those in the orthogonal direction.

In the low-coherence direction an estimate of the spatial
coherence width [ can be made from the observation that
fringes persist out to x; ~ 800-900 nm from the cone edge.
The direct and reflected rays that meet at this limiting point
are spaced laterally by w = 2x; cos?6,, giving w ~ 1.43~
1.6 um for a cone half angle 6, = 19.3°. Multiplying this by
the image reduction factor of 15, the spatial coherence width
in the wide dimension of the 157 nm laser beam is [ & 21—
24 um, which is consistent with [ = A/A¢ ~ 20 um based
on full-angle divergence of A¢ = 8 mrad. For the narrow
dimension a similar estimate gives [ &~ 54 um.

Other evidence for the difference in spatial coherence
widths is seen in Fig. 2b. Cones A, B and C, aligned along
the high-coherence dimension, imprint fringes on each oth-
ers’ walls. In contrast, cones B and D, aligned roughly in
the low-coherence direction, do not, because of the lower
coherence width.

5 Conclusions

The period of fringes formed around the base of micron-
scale size cones produced in 157 nm laser ablation of poly-
carbonate is consistent with these arising through interfer-
ence of the incident beam with a component reflected from
the cone wall. These structures form good-quality micro-
conical mirrors and effectively provide a two-dimensional
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Lloyd mirror interferometer. Modelling shows that an ob-
served asymmetry in the spatial extent of the fringe system
is related to the spatial coherence of the laser, which differs
in the two orthogonal axes of the output. Good qualitative
agreement is found with the observed etching in the vicinity
of the cone base. An estimate for the spatial coherence of
~22 pym and 54 um in the high- and low-divergence axes,
respectively of the VUV beam, has been derived from the
fringes. These values are consistent with expectation based
on the source divergence. The results also show indirectly
that the quality of etching in polycarbonate with the 157 nm
laser is suitable, in principle, for use in fabricating micro-
optical components.
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Ablation of pristine and radiation exposed CR-39
polymer using a 157nm laser
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The polymer CR-39 (allyl diglycol carbonate) finds application in optical components because
of its excellent transparency in the visible region and its good scratch resistance. It is also
widely used as a detector for heavy ionizing particles, based on revealing their damage tracks
by selective chemical etching (‘track-etch’ detector). The influence of coherent and
incoherent radiation on the polymers chemical etching properties have been reported
previously [1], principally in relation to track-etch detection. Here we describe an
investigation of the ablation of CR-39 using 157nm F, laser radiation, motivated by an
interest in producing optical microstructures and the possibility of revealing radiation damage
tracks by photoablation.

Initial experiments on clean CR-39 surfaces involved measurements using a white light
interferometer of the depth of material removed and surface roughness induced by the VUV
laser radiation over a range of fluences and exposure pulses. From etch depth-fluence plots
the threshold fluence was estimated to be <50mJem™ and the effective absorption coefficient
approximately 3x10°cm™. Ablation surfaces were found to be of good quality, with little re-
deposited debris evident, although over most of the fluence range studied there was a
propensity for conical structures to develop. The cones were extremely well defined
compared with those seen in other UV laser-polymer ablation experiments, having straight,
smooth walls and very sharp tips. Those of a few micron-scale size with appropriate apex
angle, exhibited a well-defined circular fringe system surrounding their base, with a period
consistent with them arising though the interference between the direct beam and that
reflected from the cone wall. This is confirmed by modelling which provides a good
description of the fringes and the ‘scalloping’ effect that the wall reflection produces in the
vicinity of the base. Experiments using nano- and micro-particles to seed cones, and micro-
whiskers to generate analogous prismatic structures on CR-39 are currently underway.

CR-39 samples exposed to o particles (primarily 4.87 and 4.61MeV) from a *** Ra source
showed no morphological evidence of radiation damage tracks when etched using the F,
laser. This is likely because the radius of damage tracks in the polymer is typically ~5nm and
hence ‘un-resolvable’ at a wavelength of 157nm. However, interesting effects have been seen
in radiation-exposed samples that were chemically etched in NaOH to reveal deep tracks of a
few microns diameter and then ablated at 157nm. These include smoothing of the edges of
tracks due to melt flow relaxation and, under multiple pulse exposure, a significantly
increased density of conical structures, apparently seeded by the edges of tracks.

[1] N. Dwaikat, T. lida, F. Sato, Y. Kato, I Ishikawa, W. Kada, A. Kishi, M. Sakai and Y. Thara, “Study etching characteristics of a track
detector CR-39 with ultraviolet laser irradiation”, Nucl. Instr, and Meth. in Phys. Res, A 572, 826 (2007).
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Abstract

Enhancement of the biocompatibility of a material by
means of laser radiation has been amply demonstrated
previously. Due to efficient absorption of the energy,
short wavelengths and energies per pulse, polymers are
usually processed using UV lasers, but the processing
of polymers with IR lasers has also been demonstrated
previously. In this work a comparative study for the
surface modification of nylon 6,6 has been conducted
in order to wvary the parameters driving
biocompatibility (surface topography, hydrophobic
reactions, hydrophilic reactions and surface chemistry)
using CO, and excimer lasers. Topographical changes
were analysed using white light interferometery which
indicated that both laser systems could be implemented
for modifying the topography of nylon 6,6. Variations
in the surface chemistry were evaluated using EDX
and XPS analysis and showed that the O, increased
and decreased for the CO, and F, laser irradiated
samples, respectively. Modification of the hydrophobic
and hydrophilic reactions was quantified by measuring
the contact angle, which was found to increase in all
instances for both laser systems. It is proposed that the
increase in contact angle, especially for the CO, laser
irradiated samples, is due to a change in wetting
regime as a result of the surface pattern produced.

Introduction

It has been demonstrated previously by others that
nylon can be utilized within the biomaterial industry
[1] as sutures [2], vascular grafis and other hard tissue
implants [3]. However, the common theme emanating
from past work is that the polymer surface does not
give rise to adequate cell adhesion and proliferation.
As a result of this one can see that it may be an
advantage to devise a technique which would allow the
bioactivity of the nylon to be increased. Numerous
techniques have been developed to produce surfaces
that have the ability to do this. Some of these methods
are radiation grafiing [4], plasma surface
modification[5,6] and using various coatings [7]. Laser

surface modification [8,9] is another method which has
the ability to improve bioactivity and offers a number
of benefits:

e Relative cleanliness.
e Accurate processing.

¢ Allows much control over the heat affected
zone (HAZ) due to the ability of relative
precise control over the thermal profile and
thermal penetration/absorption.

e Precise placement of the beam onto the target
material allowing user specified areas of the
target material to be processed.

* Non-contact processing,.

The CO, laser is one of the most used lasers
throughout the scientific world and within many
industries because it is one of the most versatile. It is
capable of emitting radiation within the infra-red (IR)
region of the electromagnetic spectrum on rotational-
vibrational transitions with wavelengths ranging from
9to 11um [10]. Due to the versatility and high powers
that these lasers can achieve they have been
implemented for many years in the general field of
materials processing. Specific to polymers, IR lasers
give rise to resonant coupling in the form of bond and
lattice vibrations allowing for the processing to be
thermolytical. This is due to the fact that the photon is
only weakly absorbed by the polymer, with the energy
that has been absorbed being distributed to vibrational
modes [11].

Ultraviolet (UV) excimer lasers have also been seen to
be an extremely versatile tool. Since they offer
relatively small operating wavelengths and have high
energies per pulse, these lasers have also been
employed for materials processing over a number of
years. They also have other applications in areas such
as medicine [12-14], photolithography and the



pumpin_g of dye lasers [10]. With regards to the
processing of polymers, UV lasers tend to give rise to
the.absorption of the light through electronic excitation
which is often within delocalized electron
configurations. In consequence polymers can have
broad absorption features and directly break the
polymer bonds as a result of the high photon energy
[15}. With most lasers it is seen that the smallest
possible features that can be achieved are on the
micron scale; however, nano-structures have been
achieved using a laser emitting at a wavelength of
157nm [16].

Previous and current research has shown that it is
imperative that any biomaterial should be optimized
such that it can function appropriately and efficiently
within the desired biological environment. In many
applications it is seen that the bulk properties of a
biomaterial are decided upon such that the surface
properties are compromised [17,18]. For instance, this
is seen throughout the use of polymeric biomaterials as
they offer excellent bulk properties for biological
applications; however, they possess surface properties
that do not lend themselves to high performance in
regards to cell adhesion and proliferation [19]. As a
result of this, one can see that it would be necessary to
attempt and vary the surface properties of the material
without changing the bulk properties in order to
influence the wettability and biocompatibility
characteristics. The role of wettability in biomaterials
science has been one of the most interesting subject
areas in biomaterials surface science for a number of
years and has allowed many to endeavour to determine
the complex links between surface wetting and
bioactivity [20]. A number of theories have been put
forward in order to explain this phenomenon in which
they usually fall into two basic categories. The first
attempts to correlate the surface energy with the
biomimetic properties whilst the second involves water
solvent properties near the surface in which a
correlation between the contact angle and
biocompatibility is strived for. It should be noted;
however, that in both of these categories arises a
fundamental factor in which the surface energy/wetting
is related somewhat to the biological response [21].
Many researchers have taken various approaches as to
ascertain quantitative reasoning to bioactivity such as
Van Oss ef al. [22] by utilizing the ‘equation of state’
approach to calculate interfacial tensions from
previously measured contact angles in order to attempt
and predict cell adhesion. Such approaches have been
found to fall short for determining a quantitative theory
regarding the bioactivity of a material. Through the
available literature it can be seen that extensive
research is now being carried out regarding this in the

attempt to link wettability and bioactivity of materials
[23,24].

Both CO, and excimer lasers can be employed to
produce variations in surface characteristics which can
lead to a manipulation of the bioactivity of a material
with regards to cell adhesion and proliferation [9,18].
In this paper, two very different laser systems are used
and compared to produce surface variations in nylon
6,6 with the wettability characteristics being
quantified.

Experimental Technique
CO; Laser System

The 10.6pm wavelength Synrad cw 10W CO, laser
system, with a spot size of the order of 100pum, is
housed at Loughborough University and uses a
galvanometer scanner to scan the beam directly across
the target material. The target material and laser
system was held in a laser safety cabinet in which the
ambient gas was air. An extraction system was used to
remove any fumes produced during laser processing.
In order to generate the required marking pattern the
Synrad Winmark software version 2.1.0, build 3468
was used. In addition, the sofiware was capable of
using images saved as .dxf files which can be produced
by using CAD programs such as, in this case, Licom
AutoCaM

F, Excimer Laser System

The Lambda Physik LPF 202 F, excimer laser system
with a wavelength of 157nm is housed at the
University of Hull and utilizes a projection etching
system to irradiate the target material. The beam
outputting from this laser had to be fully encased in a
vacuum chamber running at pressure of around 2x107
mbar. This is due to the fact that 157nm light is highly
absorbed in ambient air over a few cm. A diagram of
the projection etching system can be seen in Figure 1.

Target material
Mask
Las#e ‘l_ /
1 :‘—L’: ]
‘¢ »>'e ) »
1 u : v 1
Object Image
plane plane

Figure 1 — Schematic diagram showing the projection
etching system used



With u being the object distance, v being the image
distance and f the focal length of the lens. Prior to any
experimentation being carried out it was necessary to
determine the required image plane.

In order to achieve the required trench dimensions an
aperture projection mask was produced (Laser
Micromachining, Ltd) using SS316 foil. The mask was
30mmx30mm and consisted of an array of five
apertures with a diameter of 0.5mm in a straight line
spaced by 1lmm centre to centre. This allowed 50pum
wide trenches to be etched, spaced by 50um upon
using a demagnification of 10.

Laser Irradiation Procedures

The nylon 6,6 was sourced in 100mmx100mm sheets
with a thickness of Smm (Goodfellow Cambridge,
Ltd). To obtain a conveniently sized sample for
experimentation, the as-received nylon sheet was cut
into 30mm diameter discs using a 1kW cw CO, laser
(Everlase S48; Coherent Ltd). No discernible HAZ
was observed under optical microscopic examination.

For the Synrad CO, laser system, trenches were
produced with spacings of 50 and 100pum (sample CI0
and C9, respectively) by scanning the beam across the
target material. To produce these spacings, each
experiment was carried out twice: firstly using a power
of 50% (5W) with a velocity of 1000mms” and
secondly using a power of 80% (8W) with the same
velocity.

The Lambda Physik LPF 202 F, excimer laser system
was used to produce two areas of etched trenches by
traversing the stage and keeping the beam stationary.
The first of these being to achieve an etch depth of
approxiamately lpm (sample F3) and the second
giving a depth of approximately 10pm (sample F4). In
order to achieve these depths cach site required 1,000
and 10,000 pulses, respectively, as the etch depth per
pulse was approximately Inm per pulse. With this in
mind it was possible to determine the traverse
velocities, v;, by using Equation (1).

DR
Ve =T ¢)]

Where D is the diameter of one of the apertures in the
mask, R is the repetition rate (which was 20Hz) and ¥
is the number of pulses. Upon using this equation it
was determined that for 1um and 10um deep trenches
velocities of 0.01 and 0.001mms” was to be used,
respectively.

Mechanical Roughening Procedure

For further verification of laser induced contact angle
modification two samples were roughened manually
using DA-F P220 emery paper. One sample was
roughened using a zig-zag motion traversing from the
top to the bottom of the sample (sample R1). The
second sample (sample R2) was roughened by carrying
out the same technique as the first sample, with the
addition of rotating the sample through 90° and
repeating the roughening method with the emery
paper.

Topography, Wettability Characteristics and
Surface Chemistry Analysis

After the laser irradiation of the nylon 6,6 samples they
were analysed using a number of techniques. An
optical microscope (Flash 200 Smartscope; OGP Ltd)
was used to obtain optical micrographs of the samples.
The surface profiles were determined using a white
light interferometer (WLI) (NewView 500; Zygo, Lid)
with MetroPro and TalyMap Gold Software. The Zygo
WLI was setup using a x10 Mirau lens with a zoom of
%0.5 and working distance of 7.6mm. This system also
allowed Sa, Ra and Wa roughness parameters to be
determined for each sample.

The samples were ultrasonically cleaned in
isoproponal (Fisher Scientific, Ltd) for 3 minutes at
room temperature before using a sessile drop device to
determine various wettability characteristics, in
accordance with the procedure detailed by Rance [25].
This was to allow for a relatively clean surface prior to
any contact angle measurements being taken. The
sessile drop device used was a Dataphysics OCA20
with SCA20 Software. This allowed the recent
advancing and receding contact angles for triply
distilled water and the recent advancing angle for
diodomethane to be determined for each sample. By
achieving the advancing and receding contact angles
the hysteresis for the system was determined. In
addition, by knowing the advancing contact angles for
the two liquids it was possible to use the software to
draw a Owens, Wendt, Rabel and Kaeble (OWRK)
plot to determine the surface energy of the samples.
For the two reference liquids the SCA20 software used
the Strébm et al. technique to calculate the surface
energy of the material. It should be noted here that 10
contact angles, using 2 droplets, in each instance was
recorded to achieve a mean contact angle for each
liquid and surface.

Selected samples were analysed using X-ray
photoelectron spectroscopy (XPS) and were also
sputter coated with Au to attain adequate conductance
and analysed using scanning electron microscopy












Table 1 — A summary of the results for the seven
samples along with their characteristic contact angle
and hysteresis with triply distilled water.

Sample 1D Sa Ra Wa Contact | Hysteresis
(um) | (um) | (um) A?gle ©
°)
CO, Laser Iradiated Samples
C10 0.262 | 0.346 | 0.118 53.91 17.22
C9 0.358 | 0256 | 0.190 52.36 19.82
F, Excimer Laser Irradiated Samples
F3 0248 | 0253 | 0.021 66.67 31.05
F4 2647 | 2947 | 0978 72.92 40.97
Emery Paper Roughened Samples
Rl 3104 | 2368 | 1.862 43.95 26.01
R2 3.735 | 3.055 | 3.568 3837 2225
Non-Irradiated Reference Sample
N6 | 0038 J0043] 0020 | 4934 | 1998

The surface roughness shown in table 1, has been
considerably increased, by up to an Ra of 2.904pum, in
comparison to the non-irradiated sample using both
laser systems. It can also be seen that the contact angle
for each laser irradiated sample was increased with the
F, excimer laser irradiated samples giving the largest
change with a contact angle of 72.92° for the roughest
sample. This does not concur with current theory as the
contact angle should decrease with increasing surface
roughness [18,26]. Further studies of the surfaces were
required in order to explain these results. The contact
angles determined for the emery paper roughened
surfaces were decreased in comparison to the non-
irradiated sample and will be discussed in more detail
later.

Using the SCA20 software the surface energy and
components for each sample were obtained to try to
explain the variation in contact angle and can be seen
in Table 2.

Table 2 — Surface energies and components of each of
the five samples.

The data given in Table 2 shows significant changes
within the surface energy components in comparison to
the non-irradiated reference sample used. After CO;
laser irradiation the total surface energy is slightly
reduced due to a change in polar and dispersive
components. It can be seen that the polar component
increases by up to 4.12mJm™ for the rougher sample,
whereas the dispersive component is reduced by
12.22mJm> As it is the polar component of the
surface energy that plays the major role in determining
the contact angle it can be seen that these results do not
correspond with existing theory. For instance,
Lawrence and Li [17] state that a laser-induced
increase in the polar component, along with an
increase in O, content, would give rise to a reduction
in the contact angle.

Following on, subsequent to F, excimer laser
irradiation the polar component of the surface energy
is considerably reduced by up to 10mJm™.  This
substantial reduction in polar component could be seen
to be the main reason as to why there is a significant
increase in the contact angle. The dispersive
component is quite inconclusive due to the fact that
both results lay either side of the value determined for
the reference sample. As a result of this, further
research may be required to determine the trend of the
dispersive component in this case and could be used as
a further study to confirm the results achieved here.
However, it still can be seen that the total surface
energy determined for the F, excimer laser irradiated
samples is somewhat lower with 36.9mJm™ for sample
F4.

In order to determine if these changes in surface
energies were as a result of variations in surface
chemistry three samples where chosen for XPS and
EDX analysis. Table 3 shows the surface O, content
for selected samples.

Table 3 — Surface O, content for selected samples

Sample ID Surface O, Content Contact Angle
(%) ©)
C10 22.23 5391
F3 17.48 66.67
& 20.70 43.95
N6 20.76 49.34

Sample | Contact Polar Dispersive Total Surface
D Angle | Component { Component Energy
) (mim?) (mJm?) (mJm?)
CO, Laser Irradiated Samples
Cl10 53.91 20.75 27.38 48.13
C9 52.36 24.27 23.90 48.17
F, Excimer Laser Irradiated Samples
F3 66.67 9.78 37.19 46.98
F4 72.97 8.46 28.44 36.90
Emery Paper Roughened Samples
R1 43.95 22,57 34.86 57.43
R2 3837 24.68 36.85 61.53
Non-Irradiated Reference Sample
N6 4934 20.15 36.12 56.27

The non-irradiated reference sample showed that, in
terms of weight, 79.24% was carbon and 20.76% was
oxygen. In comparison with the CO, laser irradiated
sample the oxygen content had risen slightly to
22.23%, whereas the F, excimer laser irradiated
sample was found to have less oxygen content with
only 17.48%. The oxygen in the ambient air of the CO,
system could have possibly allowed oxidation of the
surface to occur as the molten nylon re-solidified.







reason for the observed increase in the contact angle
for the CO, laser irradiated samples and the F,
excimer laser irradiated samples. This would be due to
the fact that the Cassie-Baxter regime inherently gives
rise to larger contact angles in comparison to the
Wenzel regime. Therefore, it is also proposed that the
surface pattern is the main driver for the manipulation
of the wettability characteristics, implying that the
surface roughness (Table 1), surface energy
components (Table 2) and surface O, content (Table 3)
do not play a governing role. In order to confirm this
proposal more research into which wetting regime
takes place is required.

Conclusions

It has been demonstrated that both the CO, and F,
excimer laser systems that have been employed in this
study have the ability to modify the surface of nylon
6,6. The CO, laser couples into the material via
resonant coupling which gives rise to bond vibrations
allowing the temperature to rise and melt the material.
Upon cooling the molten material re-solidifies and a
protrusion away from the surface becomes evident on
the surface. This is contrasted with the F, excimer laser
as it ablates the nylon 6,6 allowing the required pattern
to be etched into the material. As a result the F,
excimer laser system offers a major advantage over the
CO; in the fact that it ablates approximately 1nm per
pulse, with the fluence used in this instance, allowing
the user to be precise and accurate with the surface
topography they require. However, the amount of time
it takes to pump the F, vacuum system to operating
pressure and the amount of time it takes to produce a
number of few pm deep trenches is considerably
greater than the CO, laser system employed in this
study.

Both of the laser systems affect differently the nylon
6,6 samples with regards to wettability and surface
energy parameters — two major factors which are
believed to manipulate the bioactivity of a material in
regards to cell adhesion and proliferation. The CO,
laser has been seen to be capable of producing contact
angles slightly larger in comparison to an unirradiated
reference sample. This does not agree with current
theory as the increased polar component and increased
0, content should give rise to a reduction in contact
angle. For instance the F, excimer laser irradiated
samples gave larger contact angles which seems to be
the result of a decrease in polar component and
decrease in O, content. However, it has been proposed
here that the increases in the contact angle for both
laser systems could also be due to the fact that the
sample surfaces are patterned, such that they give rise
to a change in wetting regime from Wenzel type to the

Cassie-Baxter regime. This may allow one to see how
the CO, laser irradiated samples would give a larger
contact angle in comparison to the non-irradiated
sample. This would imply that the surface pattern
dominates the wettability characteristics of the
material. In order to confirm this proposal much more
research is required into how the droplet forms on the
sample surface.
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