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SUMMARY

Polyurethane (PU) polymer, a thermoplastic material, melts when ekfmkeser
light due to a variety of primary and secondary structuregerfaand/or inducing a
significant chemical change of the surface of polyurethane tsipacnumber of
technologies, such as tissue engineering, MEMS devices, semicamohatufacturing.
At present, polyurethane (PU) is considered to be a best compnoraiedal available,
in terms of biocompatibility, mechanical flexibility and strdngtExcimer laser
micromachining is an appropriate tool for an alternative approacbomwentional
machining. It is highly desirable to relate the material reinoat® with etch rate and
ablation depth for understanding the ablation dynamics. In this tigagsn,
micromachining of polyurethane polymer is conducted using a short psdN = 25
ns) KrF Excimer Laser (248 nm wavelength) that generates ¢agegy in the range of
100 to 650 mJ. The machined surfaces were examined using conventional optica
microscopy, surface profilometer and laser interference ¢pticaoscope (MicroXAM).
The influence of the operating parameters, such as input energigenoimpulses, and
environment on resulting micromachined geometries is also studiegleSa®s well as
complex geometries, such as micro-fluidic channels, micro-geatgygumetries used in

medical applications, and electrical circuits were micromachined.
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CHAPTER |

INTRODUCTION TO THE LASER

1.1 General Introduction

In general terminology, LASER is an acronym foight Amplification by
Simulated Emission of Radiation, it is an optical device that produces intense
monochromatic beam of coherent light by emitting photons after stimylated and
amplified through an electromagnetic radiation process. The regwavelength of the
optical beam range from X-rays to infrared and may contereds a pulsed, or as a
continuous wave. The working principle of laser is based on stimulatexsiem of
photons, a quantum mechanical phenomenon discovered (on theoretical grounds) by
Albert Einstein in 1916 (Waerden 1967), in which a stream of phot@ssngethrough a
medium absorbs energy with the capacity of electromagnetiati@an. The process of
gaining energy by stimulated emission of photons is notable fhigtsdegree of spatial

and temporal coherence.



1.2 History of LASER

In 1916, Albert Einstein (Waerden 1967), published a book on "Sources of
Quantum Mechanics" explaining spontaneous and stimulated emisgi@id iHot invent
the device, but his work laid the fundamental basis for it. In 1958, bas&thstein's
work, Charles H. Townes and his colleagues at Columbia universityabMASER:
MicrowaveAmplification by StimulatedEmission ofRadiation and published a detailed
review of this device which greatly impacted the researclasgr (Townes 2002). In
1960, Theodore H. Maiman built the first working laser at HughesaRdsé&aboratories
in Malibu, California (Maiman 2000). Not long after, significantgrmess took place and
lasers began to enter to commercial market (Winburn 1987). bathe year, Ali Javan
invented the first continuous laser. This was followed by the Fsér running in
continuous operation at room temperature (no cooling necessary). In 196dtthigh
power gas laser was developed by C.K.N. Patel of Bell Lab@ator Princeton, NJ. In
1971, the first Excimer laser was invented by Nikolai Basov, V. @ipchev and Yu.
M. Popov, at the P.N. Lebedev Physical Institute in Moscow. They uXeda Dimer

(Xey) as the gain medium, producing a 172 nm wavelength of radiation.

1.3 Working Principle

A typical arrangement of a conventional laser system consistandy of a gain
medium, an optical cavity, transmitter, output aperture, partial fahdeflectors. The

primary goal of transformation of electrical energy into a higldnse energy beam was



accomplished using stimulation and amplification of the beam coasts. Fig. 1

illustrates the phenomenon of laser stimulation below:

A -\.I: Excited State -'..'
1

L RO®,
00>
cQoscca
S RS

Figure 1 A schematic showing the of working principal in lasertgmulation (Gould 1959)

The atoms and molecules generally exhibit low and high enevgy $¢ates, in
low energy state, the population of atoms observed is higher ggacesnto lightly
populated high energy states. The atoms residing in their groues statow energy
levels can be excited and made to jump to high energy levelwstdtr the effect of
external influences such as heating. Once excited, atoofstresr higher energy state,
they can then go back to the ground state by releasing emeogghiotons; the presence
of light emission called radiation of light. In laser, only thoseret can be stimulated to
emit emissions which are in same phase with the incident adidat has stimulated it
in the first place. Therefore, by repeating the process, theaisiog emissions multiply
the population of highly excited atoms, thus exceethieghumber of ground state atoms,
a phenomenon known as population inversion. The resulting beam is a high powered,

coherent light beam.



Under normal laser stimulation, the proportion of excited atomssrsturt-lived
higher energy state depends on the level of excitement atthireedyh initial intake of
energy. Repetition of this concept yields a reverse for the ochtnumber of atoms
present in higher state to the number of atoms present in the éoergy state, in other

terms population inversion.

1.4 Major Types of Laser

Various types of lasers can be classified according to rmhidfieyent criteria such
as the type of lasing medium employed, operational wavelength, pgrepirce and the

application of the laser. Commercially, the following typesaskts shown in Fig. 2 are

available:
|

Gas Lasers Chemical Lasers Semiconductor Lasers
- Helium-neon Laser = Hydrogen fluoride Laser = GaM
*  Argonlaser =  Deuteriumfluoride Laser "  AlGalnP, AlGaAs
- Krypton Laser = Chemical oxyzen-iodine Laser = Lead Salt
- Xenon Laser - All gas-phase iodine Laser - Vertical cavity surface emitting Laser
= Mitrogen Laser - Quantum cascade Laser
. Carbon-dioxide Laser = Hybrid silicon Laser
- Excimer Laser

Metal-vapor Lasers Solid-State Lasers Other Laser types

Free Electron Laser
Gas dynamic Laser
Mickel-Samarium Laser
Raman Laser

Muclear Pumped Laser

Helium-cadmium Laser
Helium-mercury Laser
Helium-selenium Laser
Helium-silver Laser
Strontium vapor Laser
Meon-copper Laser
Copperwvapor Laser
Gold vapor Laser

Ruby Laser
Nd:YAG Laser
Er:YAG Laser
Nd:YLF Laser
Nd:YWQ4 Laser
Nd:YCOB Laser
Nd:Glass Laser
Ti:Sapphire Laser
Tm:YAG Laser
TheYAG Laser
HoiYAG Laser
Ce:LiSAF Laser

Figure 2 Commercially available major types of lasers (Weber 1999)
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1.4.1 Gas Lasers

Gas lasers produce light emission by discharging electrieruthrough their
gain medium which is usually filled with a gas. They can bééurtlassified based on
the mixture of the gas as neutral-atom, ion, or molecular typdeiriee gain medium.
The area of application of a gas laser defines many of tparational aspects and
control. The helium-neon (HeNe) lasers are able to genevaitiearange of wavelengths
suitable for a wide variety of low cost applications with goedrb characteristics. For
rapid removal of material in industries, the carbon-dioxide lase¥sused because of
their ability to produce large energy inputs with efficienaipsto 9-10%, which makes
them suitable for metal welding and metal cutting operationddE2006). Krypton and
Xenon ion gas based lasers emit operational wavelength from 41® mM®9.3 nm
including UV and IR are considered well suited for scientifieaesh. The nitrogen
lasers emit wavelengths at ~330nm used primarily for many praappétations such as
optical pumping dye lasers and measurement of air pollution. Exdesers emit
radiation at various wavelengths such as 193nm (ArF), 248nm (KrRn8(08eCl) and
353nm (XeF) mostly suited for ultraviolet lithography, manufactdrsemiconductors,

LASIK and eye surgery applications (Endo 2006).

1.4.2 Chemical Lasers

A chemical laser is a laser that outputs a continuous or pulseel efeenergy
with the help of a chemical reaction. Chemical lasers adelywiemployed in industries

for cutting and drilling applications due to high power reaching ugveral megawatt



levels. Common types of chemical lasers are the hydrogendéudeser, deuterium
fluoride laser, chemical oxygen iodine laser (COIL), and all pjesse iodine laser
(AGIL). The hydrogen fluoride lasers produce operational wagghs from 2.7 to 2.9
pm in which the chemical reaction consists of a burning jet lofleste and nitrogen
trifluoride (NF;). Deuterium fluoride lasers produce operational transmittaneeooid

90% with wavelength outputs ~3.6 to 4.2 um. The chemical oxygen-iasaes|(COIL)

operate at around 1.315um with 70% atmospheric transmittance withetpeof a

chemical reaction in a jet of singlet delta oxygen and iodine §GI8%6). The chemical
oxygen-iodine lasers are employed mostly for scientific andenmah research
applications. The all gas-phase iodine lasers (AGIL) operatendarsoutput levels as
COIL at 1.315um with the help of chemical reaction of chlorine ataith gaseous
hydrazoic acid (Onorato 1985). Due to explosive nature of the cherametion, the

practical uses include weaponry and aerospace applications.

1.4.3 Semiconductor Lasers

The majority of semiconductor lasers are compact and based orbaatan of
3 and 8" group elements of the Periodic Table, namely, Al, Ga, In, N,sSPSB. The
emitted ranges of wavelengths produced are usually obseored4ftO nm to 1600 nm.
Gallium arsenide (GaAs) is commonly used semiconductor mateheh produces
operational wavelengths of 0.4um, Several similar semiconductoriabatae also used
such as GaAs, AlGaAs, InGaAsP and InGaAs (Weng 1999). The noostna@n
semiconductor used are AlGalnP and AlGaAs which produce operationalewgths

from 0.63um to 0.9um which makes them suitable for machining, meagidadonsumer



electronics applications. An important application of semiconductaisiasér pumping

other high energy laser systems such as Nd:YAG lasers.

1.4.4 Metal-vapor Lasers

A metal-vapor lasers (MVL) are based on vaporization of a swlliquid metal,
such as cadmium, calcium, copper, lead, manganese, selenium, stramilrtin,
vaporized with a buffer gas, such as helium. Among a wide vasfetpherent sources
currently employed, metal-vapor lasers, primarily self-tertmgadevices occupy a
special place due to a unique combination of output parameters. Theamwsbn types
of metal-vapor laser gain mediums consists of HeCd, HeHg, HeS3g, l&rontium,
NeCu, copper, and gold. For a helium-cadmium (HeCd) metal vapor li@sepérational
wavelength of 325 nm to 440 nm is produced, Similarly, HeHg at 567on®13 nm,
HeSe at 225 nm, strontium vapor laser at 430 nm, NeCu at 248.6 nm, @appetaser
at 510 nm to 578.2 nm and gold vapor laser produces operational wavelefgihroh
are used (Christopher 1999). One of the most promising areasviics i atmospheric
optics: atmospheric gas spectroscopy and analysis, and remaoktg sdrike atmosphere

with the aim of measuring its parameters.

1.4.5 Solid-State Lasers

Contrary to conventional gas medium or liquid medium lasers, the-gatel
lasers use a solid gain medium such as neodymium-doped glassesbgnctystals
instead of a gas or a liquid. Solid state lasers are considesegppamate class from

semiconductor lasers which also employ a solid gain medium. Time ngadium is



formed by having an active crystalline material doped withra earth element, such as
neodymium, erbium, and chromium. Due to the fact that excited iodspaint material
are not strongly coupled with thermal vibrations of crystalliiicka makes it viable for
attaining laser ablation threshold at lower power inputs. In oroleachieve good
efficiency, pumping by an optical source is required to ex¢tdms by means of xenon
flash-lamp or an arc lamp. The range of wavelengths variggebs 660 nm-985 nm
while using neodymium-doped YAG and titanium-doped sapphire (Keoechne). 1999
Solid state laser applications include scientific researclendefweaponry, and material

processing.

1.4.6 Other Laser Types

There are other laser types recently developed for advanceeésgimng of
materials, such as free electron laser, nickel-samariuen, lgas dynamic laser (GDL)
and Raman laser. Free electron lasers operate using the cohcggnetic excitation of
free electrons in which the electrons are excited by @ largay of magnets where
electrons are free to move within magnetic structure. This emablwide variety of
wavelengths to be generated which range from microwave, idfraigible spectrum,
ultraviolet to X-rays. Gas dynamic lasers (GDL) are basedelaxation of vibrational
states where a particular energetic state exhibiting mghgg require longer to relieve to
a lower state than a less energetic state (Colin 2004). dotivenprocess of relaxation a
hot gas is generated which expands through expansion nozzle anchilouwghta mirror
where emission by stimulation takes place. Raman lasers aedopled recently by

utilizing amplification of photon scattering upon collision with a sutrsaresulting in a



secondary wavelength of the emitted light (Colin 2004). This ligla direct result by
exchange of energy by photons upon collision which by a Raman lasbe @nplified
and reflected to produce a coherent laser beam. Raman laser aradt puohped lasers

are a current topic of material processing and laser research inghgfisccommunity.

1.5 Laser Characteristics

Fig. 3 highlights important characteristics of a common laser system:

LASER CHACTERISTICS
Wavelength Spectrum Output Power Emission Duration
i

= ¥-Rays (0-50nm) N 1m) 1 m *  (ontinuous

*  Ultraviclet (50nm -380nm) e 7 " Pulsed(Repetition Rates w.ritime)

" Visible {380nm - 750nm) 1 [

®  Near-Infrared ( 750nm —3pm) 1141w

® Mig-Infrared (3um —30um)

*  Far-Infrared {30um—1mm) . . 1k1$1 kW

: s L
Beam Divergence and Size Coherence Power Requirement and Efficiency

*  RayleighRange : ::nhn;rent " Low
" Beam Intensity (1/8%) neoherent *  Medium
" Divergence Angle (8) " High
* Distance (L)
|

Beam Diameter (2Ltan &)

Figure 3 Important output characteristics of a laser (Weber 1999)

As mentioned earlier, there are a wide range of laser nsystavailable
commercially which differs from each other in terms of gain mmediemployed,
amplification process used, and intended application area. Theseraeeinterrelated yet

shared characteristics amongst the laser systems given in the following



- The active laser medium; which serves the purpose of amplification
- The energy pump; to achieve selective population inversion

- The optical resonator; consisting of reflective mirrors to resonate inéncisdion

The active medium or the laser medium is utilized to generate gimpul
inversion with the help of the energy pump to attain significamtigd energy density
inside the laser medium (Colin 2004). Thus the amplification effeaibtained and
population inversion takes place. In general, the selection oftiaypar laser system is
usually based on its output characteristics, such as wavelength, posgrt duration of

emission, coherence, beam intensity, and efficiency.

1.5.1 Wavelength Spectrum

Wavelength of a laser or other forms of radiation is a bastc a fundamental
characteristic measure of an emitted light beam. Every éiridser system exhibits a
different wavelength depending upon several important factors sutypasof gain
medium used, optical interferences, laser optics, pumping source, ieatiplif process
and so forth. The wavelength of a particular laser systemmeaasured in different
spectrums ranging from X-rays to Infrared (IR) regions. Mostllaser light is generally
referred to as a ‘monochromatic’ light, because it exhibgsmgle wavelength, however
most lasers emit multiple wavelengths over a wide spectrurdumito narrow range of
multiple minor wavelengths, a single wavelength can be coesidyminant amongst

narrow range of multiple minor wavelengths (Weber 1999). Figuréistrates the
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various wavelength spectrums with values ranging from 50nm (¥-reyyslmm
(Infrared):

500 nm
1

700 nm

2800 nm

Figure 4 Different spectrum regions illustrating laser wavelength§lnm = 10°
meter) (Weber 1999)

Tables (1-4) show various laser media used for different rspmeategions providing a

specific output wavelengths by various laser systems:-

Table 1 Laser wavelengths for ultraviolet spectra (Weber 1999)

Laser System Type Wavelength (nm)
F2 Excimer 157
ArF Excimer 193
Nd:YAG (5th Harmonic) 213
KrCl Excimer 222
He:Ag+ 224.3
KrF Excimer 248
Nd:YAG (4th Harmonic) 266
XeCL Excimer 308
He-Cd 325
Ne+ 332.4
Nitrogen 337.1
Ruby (doubled) 347
XeF Excimer 351
Nd:YAG (Tripled) 355
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Table 2 Laser wavelengths for visible spectra (Weber 1999)

Laser System Type Wavelength (nm)
He-Cd 441.6
Ar+ 488
Copper-Vapor 510.5
Ar+ 514.5
Nd:YAG (doubled) 532
Xe(3+) 539.5
He-Ne 543.5
Copper-Vapor 578.2
He-Ne 594.1
He-Ne 611.9
Gold Vapor 628
He-Ne 632.8
Kr+ 647.1
Ruby 694.3

Table 3 Laser wavelengths for near-infrared spectra (Weber 1999)

Laser System Type Wavelength (nm)
Nd:YAG 946
Nd:YAG 1064

He-Ne 1152

lodine 1315
Nd:YAG 1319

He-Ne 1523
ErGlass 1540
TmYAG 2010
Ho:YAG 2900
ErYSGG 2790
ErYAG 2940
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Table 4 Laser wavelengths for mid-infrared and far-infrared spectra (Wéer 1999)

Laser System Type Wavelength (nm)

He-Ne 3391
CO2 10.6

He-Ne 3.391
CO2 10.6
Methanol 37.9
Methanol 118

Methylamine 147.8
Methyl fluoride 496
Methanol 571
Methanol 699

1.5.2 Output Power

The most fundamental method of checking the performance ofrasiatem is to
measure its power output or pulse energy output. For pulsed lasensytte output
power per pulse is an important characteristic in the deteriminatilaser beam strength.
For continuous laser systems the ratio of the flow of output enatigyegpect to time is
taken under consideration. This refers to optical power output of a contimavesof
energy. A laser system’s output energy is dependent upon sevesddleswithin the
structure of laser equipment, mainly it depends upon the extergesfdaergization and
amplification, gain medium, pumping system, and laser optics (Colin)2084 output
of a laser can range from a few mJ to several mWs oftasuned in Watts (and often

reported in terms of nW, mW, W, mJ/gni/cnf, kd/cnf, etc.) (Weber 1999). The energy
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(E) of the laser system is related to peak powgsfRand time (t) by the relation given in

Equation (1.1) & (1.2):

Energy €) = Ppeax X time (1.2)

Average Power (By) = Ex Hz (1.2)

Where, Hz is the repetition rates with respect to time.

The laser systems under ultraviolet and visible spectra outputg/eradues up to
several Joules, followed by similar outputs by near-infraredigpadaser systems. GO

laser is well known for maximum output power in mid-infrared region at ~1kJ.

1.5.3 Emission Duration

Most pulsed laser systems allow control of the repetitiors rde) with respect
to time which controls the emission duration. The duration of a pulse wanydfrom
very short to long durations depending upon operational requirements. Gertbral
values of pulse duration range from attosecond$&)p picoseconds (16s),
femtoseconds (18s) or milliseconds (18s) to several seconds or minutes. The desired
emission duration can be achieved by modulating a continuous-wave tigtdes
Different methods for the modulation of laser beam are used tovadtésired exposure
of light emission, such agin switching, mode-locking, high harmonic generation. Gain
switching allows pulse generation by quickly modulating the lgsén via the pump
power where higher the pump pulse energy, the shorter is the puldeupuime, and
Thus the required pulse duration. Mode-locked lasers makes it possible to ensihaitra-

pulses in which active/passive mode locking is employed where ea tasonator
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containing an active optical modulatottates at high speed causes formation of an
short pulse. In high harmonic generation, the pwaprce contains a passive m-
locked laser with a regenerative amplifier whichewha very intense laser pulse
focused into a gas (at reduced presscan lead to strong nonlinear odd harmonics o
optical frequency of the pulse. This can be usedyémerating pulses with attosecao
(10*%s) durations in the extreme ultraviolet spectral ioeg. The advantages

femtosecond lasers include smalnegligible HAZ, precise control of ablation threkh

and geometryl(iang 2003).

1.5.4 Beam Divergence and Si

Beam divergence is an angular measure of the chanpeamdiameter of a
circular beam when the distance from the optica&rtape exit is increased, denoted
beam divergence angl@)( The value of beam divergence angdlgiQcreases if the bea
is not focused properly due to some error in laggics which cuse increase in incide

beam diameter on the specimen sur

) Beam Diameter (D)
r+— Rayleigh Range
D=Do D=Do x V2 )
L 7z
daser
Beam \Waist Rayleigh Length T —

=0 =7 Rayleigh

Figure 5 Rayleigh range, beam diameter and beam divergencagle @) (Colin 2004)
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The beam divergence is a common problem among laser systeatsisvbne of
the reasons for poor beam quality because the divergencesard&am is proportional
to its wavelength and inversely proportional to the diameter of tten la¢ its narrowest
point. Thus, the beam divergence andlgi§ expected to remain small to obtain best
beam diameter and profile. All lasers are susceptible to besrgdnce where the beam
divergence angled) is measured in milliradians (mrad) &) egrees. The measurement
of beam divergence angle can be made by measuring beam atdifferent positions
using a beam profiler. In some of the laser systems the divergemgte is controlled

automatically by the smart laser optics.

1.5.5 Coherence

Wavelength filter

Coherent

o
.\ I

Spatially Coherent

Pinhole aperture

SN A Incoherent

Figure 6 Coherent, spatially coherent and incoherent laser light
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In general, the coherence is an inherent property of waves whidafirscaresult
of correlation between physical attributes and is largelyctdfedue to constructive or
destructive interference phenomenon. Two waves if added togethemiglexfghase can
form a larger wave having conforming peaks and valley curvesila8ly, two waves
having different phases when added can form a relatively smadls due to inherent
mismatching of physical attributes of the wave. In laser systéaser light is a single
phase coherent waves of photons, thus forms a monochromatic light. sisnthiated
emission phenomenon means that the radiation is self-generatingo@ssibility of

low/high order beams enables several light interference effects.

1.5.6 Power Requirement and Efficiency

As most laser systems are employed in various industriesimauildrsresearch
fields, the efficiency of a laser system become an impoxatdria for laser system
selection. Power requirement and efficiency are directlyte#ldo each other as
efficiency is a measure of how well a laser system césv@put energy into the useable
laser light. As the mechanism of lasers involve exciting tloengtinto an temporal
excited state with higher potential energy by simultaneousukdtion, it becomes
increasing difficult to attain higher efficiency due to thimmdamental reason. For
example in solid state lasers, a Nd:YAG (pumped by diode laseglly have a 30% -
40% efficiency by operating multimode with adequate thermal abotrthe diodes, and
if the pump diodes themselves have about a 40% - 45% efficiency, tegslis in a net
18% of efficiency input directly from electrical energy to thedes to output required

laser beam output. Most industrial lasers can generate etfiesefrom 0.1% up to 30%.
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It plays an important role as an economical issue for a Bstem’s selection for a

particular process.

1.6 Laser Safety Requirements

Although general purpose lasers are considered safe if operatovSdhe stated
rules and regulations, but since low power lasers cannot efficieblfye material, the
higher power lasers are necessary to achieve desired ahgbeoicessing output.
Therefore higher power lasers also invite a couple of safatgerns such as beam
hazards, electrical hazards and toxic gas hazards. Gentrallpsers are classified into
Class |, Class I, Class llla, Class lllb and Clagsategories. Class | lasers outputs a
nominal power at around <0.5mW, Class Il outputs <1mW, Class lll#b&i1 <0.5mW,
Class IV lasers at >0.5mW of power output. The hazards relateceach class of laser
increase with increase in output energy can cause skin injury, skingu vision
damage, skin inflammation and toxic gas inhalation. Moderate and bigérpasers are
potentially hazardous because they can easily burn the retihe dluman eye as the
laser radiation cause potential injuries due to its thermattsf{ale 2002). The fact that
lasers operate in all different spectrums such as visibleyioleaand infrared can prove
extremely dangerous to an unskilled operator working in the areactDaser radiation
and indirect laser radiation reflected from highly reflectivefemuas can also cause
injuries to the operator. Precautions should be taken even when thes lageoperating
because of the possibility of a gas leak or electrical hazaad. masks, laser safety
goggles, hand gloves, and expert guidance should be employed along with common

sense. As lasers operate under high electrical power, thesnextrare should be taken
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while working around naked electrical connections. Pilot tests shHmeildonducted
before the safe laser operation is determined. High voltage imdisé lethal hazard
associated with class IV lasers, due to which several fetadlents have been reported
all over the world. Thus, wherever possible, only authorized servidessional should

be allowed to open laser or perform maintenance procedures.

Following general safety guidelines(Dale 2002) are recommended foutsss:

- Abide by the two person buddy rule

- Do not wear metal objects during laser operation/maintenance

- Protective eyewear should be employed at all times

- Work with one hand at a time to prevent arm to arm electrical path

- Ensure that the operator’s feet are not at ground potential

- Adhere to lockout/tag-out rule, close all gas cylinder valves

- Proper caution symbols should be used to alert operator

- Whenever possible, ensure that the electrical capacitors are fully
discharged

- Keep a log of laser operation/maintenance to prevent future issues

- Cleanliness should be ensured around the laser equipment

Under normal conditions the laser operation and maintenance should beydone
trained personnel. Periodically the laser system service slheuldone by authorized

service professionals only.
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CHAPTER Il

EXCIMER LASER MICROMACHINING

2.1 History of Excimer Laser

In the past few decades, the excimer laser has gained anantpofe in research
and development efforts due to rapid demand in processing of a mexatgen of
semiconductors, polymers and ceramics. Going back in history, theexXosher laser
was invented and its operation realized in 1971 by Nikolai Basov, Y2aAilychev and
Yu. M. Popov, at the P.N. Lebedev Physical Institute in Moscow (Bpst002). A
xenon dimer (Xe2) excited by an electron beam was used to ghteelnission at 172
nm wavelength. Since then, several improvements were madg nsie gas halides
(originally XeBr), invented in 1975 by George Hart and Stuart 8gaof the Naval
Research Laboratory. A strong demand for miniaturization of mlac@nd electronic
components fueled the research and development effort in excineertéabinology.
Many types of excimer laser systems were developed awerviith mantra of “smaller
size and higher speed”. Market demands for innovation drove the tecicablog

challenges to an extent far beyond the imagination in laser technology.

20



Excimer laser ablation and direct etching of material bygouldV light has been
an interesting subject of research activity since the d@a®ps (Paterson 1999). Among
many types of lasers developed during the development era, exageewas proved its
way as a powerful and reliable piece of equipment for various afiphcareas ranging
from biomedical devices to semiconductors. Today the best applicdt®xcimer laser

is seen in eye surgery and industrial micromachining of modern materialg (B2302).

2.2 Excimer Laser Technology

Excimer is a short term coined f&xcitedDimer, a name given to a diatomic
molecule whose atom components are bound in excited energy staieredards to the
gain-medium of the laser. Light beam produced by the excinser ia emitted by a
short-lived molecule, usually composed of one rare-gas and one haltmyen called
rare-gas halide. The laser emits a concentrated beam oiviihhthe duration of 10 ns to
several 100 ns in the ultraviolet (UV) region of the spectrum. THildyato operate
excimer laser at different wavelengths such as 193 nm, 22248nnm, 282 nm, 308
nm, 337 nm, 351 nm, 427 nm and 713 nm along with selectable repetition ragssima
particularly suitable for a wide range of applications in senmductors and polymers
(Basting 2005). The wavelength of the laser depends on the transitions takenmngpide

the gain medium by the stimulated emission.

Excimer lasers have short wavelengths with high photon eseifms generally
reduces the interaction time of the laser-material interaethich makes excimer lasers

ideally suited for applications where smaller heat affected @oA&) is highly desirable

21



(Basting 2002). In C®and Nd:YAG lasers, the photon energy is transformed directly
from optical to thermal, i.e. the material is heated to lenadt then vaporize. Whereas in
excimer lasers, direct solid to vapor ablation is possible duegtehphoton energies
sufficient to break chemical bonds of the material being prode3$es direct chemical
dissociation of bonds eliminates the need for a liquid phase transhich allows small
heat affected zones, thus better machinability. The main constitakmtsy excimer
laser’s gain-medium is a rare (noble) gas e.g. xenon or kryptoah vghhighly inert and
doesn’t form chemical compounds, normally; it is said to be in neeuts disassociated,
ground energy state (Colin 2004). However, if an electrical digehiargiven, its energy
climbs up to excited state, and forms a molecule with halidesfl@gne or chlorine.
This creates a temporal population inversion, that the total numbersitéd molecules
has exceeded the normal disassociated atoms. The excited compounelease its
excess energy by undergoing spontaneous or stimulated emissionpgasudtistrongly-
repulsive ground state molecule which very quickly (on the order ot@sgronds)
disassociates back into two unbound atoms. Most important types of eXesees

operate using mixtures of ArF, KrF, XeCl and XeF (Basting 2005).

Excimer lasers are usually operated with a pulse rate ld2- 50 Hz and with
pulse durations of about 10-20 ns, although some operate as high as 200 3 res
(Basting 2002). A very tightly-focused beam of UV radiation isttexsh by an excimer
laser. Their high-power ultraviolet output makes them useful fgesur(particularly eye
surgery), lithography in semiconductor manufacturing, and dermatologestment

(Bores 2000; Basting 2002). It is generally considered as a ceoltigee; as it does not
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heat up the surrounding air or surfaces. Howewersheer amount of UV light is alrea
too much for most organic materials (such as thieakornea of the eye), resulting in 1
breakdown of the molecular bonds of the materiatifaer lasers come with quite lar
and bulky setups, which is a disadvantage in thesdical applications, ihough their
size is rapidly decreasing with ongoing developrsehost common types of excim

lasers are enlisted inable 5:

1

Execimer Wavelength i
Ar, 126 mn
K1, 146 1mmn
F, 157 1umn
Ne, 175mn
ArF 193
CaF, 193
Fal 222
FaF 248
L 2539 nm
XeBr 282 mm
Nell 309 mn
N, 337 nm
XzF 351 nm

Table 5Different types of excimer lasers and their wavelengthBasting 200?)

The eximer laser types mentioned irable 5Srelease their excitation energy

UV spectrum (100400 nm) in the form oradiatedphotons. The arg«-fluoride (ArF),
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krypton-fluoride(KrF) and xenon-chloride(XeCl) are common types x@inger lasers
that have very short-lived molecules. The fluoring (i#pe is the only one which is not a
rare gas-halide compound. Excimer lasers can also be catélgasizchemical lasers,
considering the reaction of the rare gas and a halogen mirttheir electrically excited
state, triggered by an electron beam. For this reason, and alkeif@horter wavelength
than the already popular GOr Nd:YAG lasers, they draw interest for many applications

mostly in eye surgery and semiconductor manufacturing.

2.3 Excimer Laser Working Principle

As mentioned before the short-lived diatomic molecule which forms fiwo
atoms (at least one of which lies in its excited state)gbam rise to laser light in the
ultraviolet range. The two atoms are bound (forming a diatomiecutd) only when
molecule is in a desired excited state. Often when a moldonis to the ground state (a
transition), which is the lower energy level, it falls apart Eser radiation is emitted.
Fig. 7 shows the two energy level functions (curves) of a typaratgas halide as a

function of the spacing between the two atoms:
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Figure 7 Excimer laser short-lived principle illustration (Winburn 1987)

The Fig.7 shows the two energy level functions (curves) of aalypare-gas
halide as a natural relation of the distance between the parhgige/o atoms: RH* is
the notation for excited state of the collaborated atoms as a boumaledule, while
R+H is the notation for the ground state of the same but unbounded molecule. R
represents the rare-gas and H represents the halide (Winburn 198p)inAthe excited
state curve indicates meta-stable condition (a temporal but stabéeuntil a sufficient
disturbance comes to destabilize it), where the molecules acgedxnolecule has its
energy at minimum when the two atoms are at a certain destpart, trapped in a
potential well (in it they can occupy several vibration levelsvall). However, in the
ground state, there is no bonding energy available to hold the twoigetitig atoms
together and the molecule would tend to fall apart. This statefeats rare gases in

nature: they do not like to form compounds, even with highly reactivegérao In
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general, excimer lasers are excited by applying etettgulses through a gas mixture.
About 90% of the mixture is a buffer rare gas usually helium on méhich does not take
part in the ongoing reaction inside the laser. However, since plogems (e.g. £ Cl, or

Br,) are highly reactive, they may come as a compound containing halogen, e
Nitrogen-trifluoride (NE). Electrical pulses release electrons and transfer enerthet
laser beam, breaking up halogen molecules and causing formationctbratzally
excited molecules, e.g. excited xenon-fluoride XeF*. The (*) hereabtels an excited

molecule.

The reactions involved are complex depending on the type of gases begd. T
produce molecules which remain excited for short durations (a few etwTas)
dropped to the ground state and dissociating, while releasing puldg¥ q@hoton
energy. These pulses are expected to last about tens or hundredsoskconds,
depending on the molecular kinetics as well as the duration of theglelectrical
pulses. Excimer laser repetition-rate depends more on the suppliest (controlled by
high-speed and high-voltage switches), rather than on the gas. Higpestion rate is
around 1 kHz, but more typical values are tens to few hundred He &udsgies range
from about 10 micro joules/cmo a few joules/ctn The average power, the product of
the pulse energy times the repetition rate can reach abautpée f hundred watts or
less. Note that in general the pulse energy tends to decréhseepetition rate. Fig.8
compares excimer laser with Nd:YAG and Lfaser systems in term of important

characteristics:
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LASER TYPE

EXCIMER ND:YAG co2

[HARMONICS)

0.157 - 0.351 pm 0.266 — 1.06 um 10.6 pm
WAVELENGTH

DUV — LY U¥ — NIR MID IR
RESOLUTION HIGH [« um's) - » LOW [10's TO100's of um's)
NATURE OF
PROCESS NON-THERMAL < » THERMAL
PHOTON ENERGY 78-35eV 46-12eV 0.12 eV

ELECTRONIC EXCITATION RO-VIBRATIONAL EXCITATION

INTERACTION

PHOTOCHEMICAL BOND BREAKING +———— THERMAL DISSOCIATION

ABLATION VAPORIZATION

Figure 8 Comparison of Excimel laser micromachining with other commercially available

micromachining systemgWeber 1999; Colin 2004; Basting 200

The energy from a laser is generally in the formadieam f electronagnetic

radiation (EM)which due to its inherent characteris, such as wavelength, coheren

beam diameter, polarization and repetition rates wavel through optical delivel

system of the laser.

2.4 Micromachining with Excimer Lasers

In general, aser machining is a material renal process that is achieved throt

energyinteractions between the la beamand the target material. Laser machining

expanded beyond ¢hconventional machinii groups (Basting 2009s follows

1. Drilling (1-dimensional

2. Cutting (2dimensional
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3. Shaping (3-dimensional)

4. General Laser Machining; Grooving and Marking Scribing

Conventional machining processes rely only on mechanical shearggpestr
produced by a cutting element on the target material. Convetiseligser machining is
accomplished by transporting photon energy into the target materighe form of
thermal or photochemical energy to remove material (ablation) bitingg and
vaporization. This is one of the major differences between lasserhiming and
conventional machining. When this machining is considered at a neteortevel it
becomes micromachining. The continuing trend towards miniaturizatiothandse of
advanced materials in medical devices have increased the neeziMonicromachining
technologies. Laser is capable of playing a major role in miacbmiag industry
because of the development of systems with smaller wavelesgthshorter pulses, this
results in smaller spot sizes, and reduced heat input and HAZhitag with an
excimer laser would improve the absence of thermal damagajrgnhving tissues to
heal without scarring. Because of this ability, excimerriagaund major applications in
medical devices especially in eye surgery (Bores 2000). Amart the applications in
medical devices, excimer laser micromachining is widely dsedpplications in the
manufacturing of MEMS devices, micro-gears, micro-pumps, Rgdas and micro
structures in metals, polymers, glasses, and crystalline ialstetown to a few pum in
size. With advances in laser systems, and more efficienslasaring up in the market,

their applications are becoming increasingly more interesting ardl rapi
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2.5 Construction of Excimer Laser

For general applications, the excimer laser usually consisasfully reflective
rear mirror and an uncoated output window that is partially tefeemto the cavity and
transmit the rest of the beam. The excimer laser gas @rambsually sealed and highly
resistive to any corrosive attack by halogen which operatesgastirefill is mandatory.
The volume of lasing medium is generally made larger in oglatd the maximum
volume discharge by laser per pulse. A recycling system, wieiglnerates the gas
mixture often, helps extend the life of the gas fill. Maintairpngper gas mixture would
also prolong laser energy shots. The total number of shots dependsgas,thed could
reach some millions of shots for gas filled laser. A 50 Hzneacilaser would generate
large amount of (50 x 60 x 60 = 1,80,000) pulses per hour, until its gapiiseckto be
replaced after a couple of hours usage. Excimer lasers arabderab pulsed UV lasers
with wall-plug efficiency of only a couple of percent. The conuia applications of
excimer lasers have pushed manufactures to make more rédisdéile, although the use
of hazardous (highly reactive) halogens still remains a concexiporatory excimer
lasers are generally used with ultrahigh purity gases antequired to work for long
durations with multiple wavelengths, in contrast to industrial egcifasers which
typically use process oriented specific gas mixtures. THis fma regular maintenance
where operator has to discharge the old gas mixture, passivateb#heot remove
contaminants, then pump out the mixture and replace it with a newdaseamixture.

This is generally a dangerous, complex and time consuming operation.
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2.6 Pulsed Laser Micromachining Parameters

When using a pulsed laser for micromachining tasks there ageab@wportant
parameters to control in order to obtain desired results. Followneg important

parameters used in pulsed lasers:

- Laser repetition rate, (Hz): it is defined as the number of laser pulses ped sec

- X-Y-Z machining velocity, V (um/sec): it is defined as thspificement of work
piece with respect to laser beam.

- Fluence, F (mJ/cfror J/cnd): it is defined as the ratio of laser beam energy to the
exposed area.

- Beam focalization angle, in degre®: (t is defined as the measured angle from
the center of a laser beam with a converging lens.

- Beam diameter, D in (um): it is defined as the exposed diaroetated after the
focal point in the divergent part of the beam.

- Number of passes/cuts, (N): it is defined as the count of |&san bransitional

passes over an area.

After micromachining, the other output characteristics are miminmablation
time, minimum angle of the walls, ablation (etch) rate, amountecést or debris

formation, HAZ area, and maximum ablation depth.
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CHAPTER Il

BASICS OF LASER-MATERIAL INTERACTION

3.1 Introduction

In micromachining of materials, the pulse source of monochromatididgit,
such as excimer lasers can be used to ablate, vaporize, irradéhtenodify surface
characteristics. It is an irreversible process of chendisabciation of atoms due to bond
breakage caused by high energy photon collisions. In many applicatiensutface
modification can result in exceptional surface properties such @s ¢twrrosion
resistance, low surface roughness, improved biocompatibility, tiim dieposition,
coatings, heat treatment, elimination of surface defects andtotiegraphical changes.
However, due to the complexities involved in understanding the phyasmtmaterial
interactions, the lasers are rarely seen as a reliabkees of heat (Perriere 2006). This
complexity in laser-material interaction occurs due to comioinatf several chemical
phenomenon occurring at the same time such as heating, absorptiomg,melt
decomposition, evaporation, recoil effect, thermal shockwaves, piston afieplasma
shielding effect are a few to mention in current context.
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The laser-material interactions also involve photo-thermal and piestocal
phenomena which affects ablation dynamics related to laseriahateupling. The
physical process involved in laser material interaction fonasasis of understanding of

the laser beam’s interaction with matter and process limitations

3.2 Laser-Surface Interaction

In general, a laser can produce light radiation in pulsed or continuouswitbde
several important beam characteristics, such as high brightnesgcinnomaticity,
narrow bandwidth, low divergence, high focusability with high spatial antporal
coherence. All of these important parameters affect the iresygdhenomenon, namely,
reflection, absorption, and transmission of light. Absorption and therratihgestarts as
soon as incident laser beam strikes the surface which converts phetgy into thermal
energy according to the key characteristics of the surfacé ssc reflectivity,
transmitivity, and absoptivity. The process however can be either-gitestoal, photo-
chemical or a combination of both (Basting 2005; Perriere 2006; S¥Xl6). Lasers can
irradiate light energy almost in all available spectra, Xeay, UV, Visible, IR, which
allows flexibility to select a particular laser based onasm@fcharacteristics of a polymer,

ceramic, or a metal. Fig. 9 is a schematic of a laser beam strikirgstrate surface:
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Figure 9 General laser machining principle

In a pulsed laser system, very high light energy can be delivera very short
time period or pulse which allows non-equilibrium conditions to prevaihguenergy
transfer between matter and photons. It is evident from thatliter that various laser-
material interaction phenomenon occurs at a specific set ahptaes with respect to the
material’s physical, chemical, and environmental properties. lalsétigh absorbability
of ultraviolet laser radiation with extremely short pulse daratiesults in very fast
cooling rates, as a result, smaller heat affected zonds refined and homogenous
microstructure at the surface occur. Any material capabietefacting with laser light
shows structural modifications due to electronic and lattice dysamhich plays an

important role in understanding the laser-material interactiohs. photons from the
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laser light beam transfer energy to available electrons osutti@ce of the material via
inter- and intra-band electronic transitions. Heat transfer batsegounding electrons
happen with electron-to-electron energy transfers which gellabased on the chemical
properties and lattice structure of the material. In metal$|yhigflective surfaces can
cause electron scattering where the thermalization of ehesctwould result in inter-
structure electron-phonon interactions with each energy pulse.aByniin other

materials the laser-material interactions depend on waytbleri the laser radiation and
material properties, However, to induce any change on thecsutfe following

conditions should be met by all means:

a+f+1=1 (3.1)

Where,a is the reflectivity § is the absorptivity andis the transmitivity

Fig.10 illustrates the general laser beam interaction phenomenon with: matter

Reflected Light

Substrate

Absorbed Light

Transmitted Light

Figure 10 lllustration of laser beam interaction with a substrate
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As laser radiation is a form of electromagnetic radiation fmckvthe beam strikes the
surface where it may undergo reflectangkg (ransmissiont), or absorptionf{) process.
The Beer Lambert’s law plays an important role as it reldte absorption of light to the
properties of the substrate material (Angelis 1999). The absorptefficient (u)
depends on medium and wavelength of the incident radiation with int¢hsiyhich is

given as follows:

I=1,e"* (3.2)

Where, U is the absorption coefficient, | is the intensity

Although any significant visible change on the substrate’s surfasndavhether
the deposited energy is enough to overcome ablation threshold o&teealn In metals,
the optical properties are determined by the availability eé felectrons which are
accelerated in the electrical field while gaining energy Imctv periodic changes cause
them to re-radiate energy. Thus it causes high reflectivitynetfals, unlike polymers
where in the free electrons are lesser in number thus morepatsdakes place due to
weak interactions of inner electrons with the electromagnEtit) (wave (Yang 2002,

Perriere 2006).

In laser-material interaction, due to a high intensity of EM waypeovides high
supply of energy from a laser source which can produce melting and di@peftect in
loosely bonded particles. The structural particles under the influshE® wave can
gain motion by the given electrical force and the absorptiontaffegoverned by “the

Inverse Bremsstrahlung Effect”, which describes if thereneugh energy travelling
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through a small volume of substrate. It can cause ionization and \&tmorieffect with

plasma shield generation over the irradiated surface. Theetedlso incorporates a
thermal shock wave which can travel though the work material ansleccracking or
increased heat affected zone. In other words, it is caused byniesion of photons from
the excited electrons. Therefore, when the strength of the laskisfiggh, it can be used
to directly ionize the electrons of the substrate material gfirenulti-photon absorption

(Perriere 2006).

3.3 Ablation Mechanism

When a pulsed high power laser beam is made to strike over aaseilssirface,
the substrate undergoes ablation. Laser ablation is generalyereto as a process in
which the laser beam cause enough transfer of energy fromstasee to the substrate
material surface to cause ionization and vaporization. The laserdieaacteristics such
as time, spatial distribution, frequency, and amplitude are mgsbrtant factors in
generating required ablation depth, phase transformations and othecathemanges.
With short pulse durations the heat affected zone of the ablatedccamebe greatly
reduced. Temporal modulation of laser beam energy can prove bdnefigaprove
machining quality. Similarly, the control of spatial distributiom @ow elongated laser
beam to travel distance without loss of energy or causing beargdnce. Frequency
and wavelength differs from the rapid pulse repetition rate ffarehit materials act
differently with variation in frequency. Finally, the control ofiglitude of the laser beam
allows high power beams with dense energy field to travel to substrate sunfiabenvay

also differ according to the absorption characteristics of thdratdsnaterial. In case of
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high power laser beams (up to several 3/@imences) with short nanosecond pulses

cause extremely rapid melting and vaporization.

Laser ablation in ultraviolet regions is mostly governed by ehdoth of two
major ablation phenomena, namely, photo-thermal and photo-chemicarabldte type
of ablation phenomenon is dependent upon the material’'s optical and mechanical
properties, which greatly affect the etch rate (Desbiens 2007atidlphenomenon in
metals and polymers involve various coupled and complex phenomenon, such as
absorption, optical coupling of energy with matter, ejection of enaftagmentation,
shock waves, vaporization, plasma shielding, and the heat affected Inogeseral, the
surface of the substrate is heated past its melting and vaporizamperatures through
linear single photon, multi-photon absorption, dielectric breakdowns and @iimgxex
mechanisms. In polymers or other soft materials, the vaporizatopetature can be
exceeded with only few extra pulses of energy, However, if thee mrsrgy is low, it
can take longer duration to heat past the melting and vaporizatnperatures. The laser
ablation where the surface is irradiated till melting iBedathermal ablation, and the
process where direct vaporization occurs is referred to asheamal ablation. In non-
thermal ablation, the possibility of plasma shield formation isifsegintly higher than
that of thermal ablation. When the laser irradiance exceedaptsteshold limit, the
vapor of the ejected matter can become highly ionized to form alakield around the
ablated area. This plasma shield basically restricts soap@mion of the incident laser
energy and radiation and increases in volume accordingly. At lawatiance, the

plasma formation exhibit transparency whereas at significdngher irradiance the
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vapor cloud can become supersaturated and cause significant otstiioctblation

phenomenon. The material transport phenomenon, such as convection, evaporation,

hydrodynamic motions are generally observed due to local tempeeramgr pressure
gradients. The variations in the temperature of the molten nthteeto irradiance can
lead to differential surface tensions and thermo-capillary tstfethis is generally

observed due to inhomogeneous laser intensity profiles.

In high power micromachining, mainly two modes of ablation mechanrem
observed: 1) Matter ejection due to vaporization induced recoil presaurelelt-
evaporation due to high energy or short pulse durations (Colin 2004; @&0&8). The
mechanisms of ablation studied in the past have shown that tleese\aral distinct
phenomenon involved in ablation of the surface due to laser-matterctiaerauch as
energy absorption, photonic reflection, thermodynamic processesin@nefihase
transformations), plasma shielding, shock waves, laser-plasma cirderaplasma
heating, radiation and hydrodynamic expansions. At lower powerjngelk most
common with small amount vaporizing possible around the ablated zonevétowe
higher power beam-material interaction, the thermal and pregsadesnts cause rapid

vaporization and plasma formation (Dehghanpour 2009).
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CHAPTER IV

LITERATURE REVIEW

4.1 Introduction

When a high power laser beam strikes a surface, the tarjates melts and
partially vaporize. This transition of photon energy from energaserl beam to the
surface of the substrate is a topic of widespread intenesh@ researchers in various
engineering disciplines. A comprehensive research effort isrwagidor understanding
laser induced surface modifications and the nature of physicalremdical processes
involved in it. Most experimental research efforts focus meogelyanalytical models
based on many diverse assumptions ranging from non-equilibrium phaséidns to
thermo-fluctuation sublimation of the particles from the surtheeto pressure gradients
generated by the laser light beam (Zhigilei 1998). For a stdbstuaface to be affected
by laser requires the right kind of structural configuration, oppioaperties, and material
properties. For example, in laser micro-drilling, the feasybdita laser to be able to drill
on a surface depends upon its wavelength, energy density, pulse shiagpdéaser beam
(Zheng 2001).
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The laser beam which passes through the homogenizing optics, aanthsle-
magnifying optics breaks the chemical bonds and ejects the dibpmelucts at

supersonic velocities (Zheng 2001).

Techniques of high power laser cutting differ from low powerrlasdting and
etching processes, wherein the total number of photons enteringrtheesduring each
laser pulse are determined by laser power and pulse width IE£Hi§©8). In surgical
applications of laser ablation, the process can be used for cahtreiteoval of tissue
with highly precise control over thermal and mechanical damagéetsurrounding

tissues (Zhigilei 1998; Bores 2000).

4.2 Lasers in Micromachining

Among laser micromachining processes, ultraviolet (UV) lad#atian is a
powerful and flexible technique which can be used for rapid pattgwfirsmall scale
geometrical features that can be used on a number of differaetiatg such as
polymers, ceramics, and metals (Callewaert 2003). Exciasard are generally short
pulsed lasers that use a mixture of gases to generate out@mitoradind emission at a
particular wavelength in the UV region of the spectrum (Ts20@4). Femtosecond
lasers produce even smaller pulse durations. In femtosecond laseteetmal effects
are negligible because of the short duration of the pulse which allows enmagio ool
the matter (Desbiens 2007). Liang. al (2003) explored the fundamentals of
femtosecond lasers to observe the integration of interferenc@mpkeaon on a copper

substrate to form the microstructures of concentric circutgsr Femtosecond lasers
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can be used to produce micro-scale surface features, suchrashol@s, microgrooves,
micro-cuts. Potential application of femtosecond lasers incudduction of medical
devices, photonic devices, micro-lenses, micro-moulds, MEMS devicasg(12003).
Low powered laser micromachining under water can be used for alsiethere debris
formation and matter ejection is undesirable (Kruusing 1999), for gearn heat-
sensitive materials such as HgCdTe; avoid cracking in Silnger elimination of
graphite formation on diamond; avoidance of silicon layer formation $iCaetc. CQ
based lasers have shown good potential over the years in high powanintaof
materials. Several variants of g@@sers have been developed. For example, TEA-CO
lasers generally operates at similar wavelengths as compaRrdetCQ and other lasers,
but the duration of the pulse is shorter to 1us as compared to; RFa€H0s where the
pulse duration is generally in the range of 50-100us; excimens|§248nm) at 20ns'®3

harmonic Nd:YAG lasers at 3ns (Zheng 2001).

As shown in Fig.11, the laser ablation can result in either V-shap&-shaped
cross-sectional profile depending upon whether low fluence with higipetition rates
were used or higher fluence with lower repetition rates were used. Plashding effect
is also observed during laser material interactions (Bergmann $8B6éaf 2010). Vapor
and plasma formation during laser matter interactions can beilsgbdn terms of
resonant and non-resonant processes. In resonant mode, the photon’s energhequals
duration of transition between two energy levels of a plasma attrerewas in non-

resonant absorption, this mode is characterized by laser bearactiins with free
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charges in plasma. These interactions of photons is based on ke higbility of

electrons as compared to individual ions (Schaaf 2010).
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Figure 11 An illustration of plasma vapor and debris formation in-air laser ablation (Tseng

2004)

Excimer lasers are well known for their potential for beingowerful
manufacturing tools because of primarily two reasons; 1) Exdasers are reliable and
well suited for industrial environments since they produce consisterput
characteristics; 2) Excimer lasers can produce a vasfatyicromachining features with
high quality. Excimer lasers find applications in virtually evieeyd of engineering; they
are used for micromachining of different materials such as po$yroeramics, glass etc.
Excimer lasers are also used for changing the structure apérpes of metal oxides,

manufacture of computer chips below 0.25 yum size, microstructuredeaiilre sizes

42



from 1 to 100 um and refractive laser surgical applicationsti@pg2002; Chen 2005).
Excimer laser patterning is considered a commercially viahkk is used as a highly
automated serial technique (Basting 2002) (Choi 2001). Tetealy(2004) examined the
ablation efficiency, morphology and impact of laser parameters ass,gbkilicon and
aluminum using an UV ArF (193nm) excimer laser. They observedolagan depth to
be linearly proportional to the operating laser parameters, sughlss number and
fluence, and showed that the ablation at lower fluence and highétioepeates tends to
form a V-shaped cross-sectional profile at ablated region, whatdagher fluence and
lower repetition rates the U-shaped profile was observed. Biali(2001) investigated
the basic principles of excimer laser thin film ablative paitgy by mask transfer
methods and described the ablation mechanism for polymers (Rizvi 20¢%) eCal
(2005) investigated ablation behavior of borosilicate glass based sndlearrayed
microstructures using excimer laser (ArF-193nm). They observedllext ablation
properties well suited for fabrication of micro-devices for pho®aicd communication
industries. Desbiend. al (2007) characterized ablation process for silicon, PZT and SiC
using an excimer laser (ArF — 193nm) and studied the dynamiactiter between the
ablation and machining parameters. Excimer laser micro-paiteoan also be used to
induce a chemical change on surface which have widespread applications
semiconductor circuitry, sensors, printing, tissue engineering mmgdomechanical
devices (Callewaert 2003). The ability to etch a very smatiusntnof biological material
without collateral damage has lead to a number of surgicakcapphs (Paterson 1999).
The inkjet-printer nozzle is an example of a successful coniafieed product in the

area of micro-scale fluidic devices (Tseng 2004).
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Figure 12 a) Plume development b) time development of the plunf@r a 2D

simulation (Zhigilei 1998)

The Fig.12 (a) and Fig. 12 (b) above shows an experimental sionuiatdel
developed according to Beer’'s law for qualitative comparisorts expperimental data.
The bulk of the material is shown to the left of the figure nelge the plume expansion is
shown to the right. Zhigileet. al (1998) explained that during the plume generation,
temperature rise occur at a faster rate than the mechegleehtion of molecules thus it
results in development of a pressure gradient in the directiorahtwrthe surface. If this
pressure gradient reaches a threshold value, it does a forwardneggamaterial for the

irradiated region under laser light.
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4.2.1 Underwater Laser Micromachining

Figure 13 Micromachining underwater environment illustration (Kruusing 1999)

When laser etching is performed under liquid environment, the dslyénerally
carried away due to the thermal convection of the liquid or bubble fiorm& his effect
is observed when the laser pulses are short with lower iepetites. Kruusingt. al
(2004) investigated about underwater etching and cutting by lasdrelmerved the
material removal/response of silicon and alumina substrates alithgthe effect of
environment on the ablation process. The primary objective of his chsemolved
controlling heat affected zone, avoiding re-deposition of debris and aitiadi of
polymers under water. By lowering the laser fluence and iscrgdhe pulse number the
probability of laser shock can be reduced (Kruusing 2004). In orderaibotain such
situation the fluence is determined at the level where theriaigtest starts to melt but it
at least vaporize and forms plasma. Liquid environment prevents the gaval®pment
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and thus enhances the action of laser radiation on the substrat@hfsioronov 1996).
Laser ablation in liquid is mostly influenced by the inherent machiprocesses that
are involved as compared to under gas ablation. Higher ablation astdse cmbserved
due to confinement of plasma and shock waves when working underwatenderes
water under laser light cause disassociation of oxygen and encobeagea reactions.
Bubbles generally carry away the debris effectively whighaaces the etching rate, but
on the other hand the bubbles also scatter the laser light asviweli may lower the

etching rate in liquid environments (Kruusing 2004).

For working under gas environment, the laser ablation mechanism involves
surface boiling, condensation, rapid ejection, micro-particle foomanucleation of
droplets, growth and furthermore generation of nano-particles. Also, éssupe build-
up under the strict mechanical inertial confinement due to rapidaserof the thermal
energy can lead to an overheating system whose temperatungogal Iblee melting point
of the material, thus a larger heat affected region (HAB)rimed (Zhigilei 1998). Zheng
et al. (2001) investigated the laser micro-drilling using KrF excitaser (248nm), '3
harmonic pulse Nd:YAG laser (355nm), RF-excited,d&3er and transversely excited
atmospheric (TEA) C®laser on PCB substrates, where they used polymide and alumina
specimens to observe micro fabrication, micro-drilling behavior, r-lasgerial
interactions and effect of pulse duration on heat affected zone)(H&dusing 2004).
They concluded that in micro-drilling process the drilling spseprimarily dependent
upon the laser’s repetition rate and the sample’s speed of moveittenéspect to laser

beam (Zheng 2001).
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About the development of a wider heat affected zone (HAZ), Yoshéiisal
(2009) explained that when the laser light strikes on the surfexenatterial the thermal
conduction causes the heat profile to broaden by continuous absorption arydasuppl
heat but there exists a temperature gradient between the pgakdame at the center
and at the surrounding area. This leads to the development of presslieatgranside
the substrate (Yoshihisa 2009). By minimizing the heat affected #ddA&Z), the
undesirable thermal damage can be avoided and thus small featare sizero-scales
can be achieved. This implies that materials in which photocheattaion process is
the dominant ablation process are the ones mostly favored for ngatterd

micromachining applications (Tseng 2004).

TInderwater

Figure 14 Laser etching of a NdFeB magnet in air and under water usg Nd:YAG laser

(Kruusing 1999)

As the behavior of materials to ablation process differ accortlingheir
mechanical and chemical properties, for some magnetic mateviare the ablation

cause large debris formation due to the nature of the materiaynmaichining under
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water by short-pulsed laser provides clean grooves while machmiagy results in

grooves filled with molten material (Kruusing 1999; Kruusing 2004).

4.2.2 Thin Film Micromachining

From last two decades the excimer laser annealing of this f8 considered an
alternative option for highly efficient low cost thermal annealifighin films without
much damage to underlying layers of substrate. The benefits inoludmization of
defect density and modification of physical and electrical ptgse of thin films.
Miniature thin film devices can be developed with the help of excilmger mask
projection techniques (Rizvi 2001). Sedéyal. (2006) studied the possibility to treat
plasma enhanced CVD using excimer laser to deposit this filnsilicon germanium at
400°C or lower to demonstrate high growth rate (~35nm/min) at lovpéeatures with
low defect density (Sedky 2006). Huaeag al (1996) reported the use of KrF excimer
laser crystallized a-Si:H/a-SifH multi-quantum well (MQW) films at room temperature
in an effort to produce high mobility thin film transistors for liduirystal display
technology. They improved the surface morphology, microstructurefgrmity and
processing temperature of a-Si:H/a-gMmulti-quantum well (MQW) films with ability
to produce nano-sized Si crystallites. Grast al (2010) investigated substrate
temperature effect on surface morphology of excimer lasdf (K248nm) deposited
Yba,CusO7/Ce( thin films on sapphire. In thin polymer film direct patterning, ocome
laser shot is required to heat the surface layer, enable dsrugt the bonding and
ejection of hot film fragments at varying speeds (Haruna 1994 R001; Grant 2010).

Yoshihisaet. al (2009) investigated fabrication of silicon thin films and thepagtion
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and observed possibility of dry etching and laser thermal lithograghyaterials with
high gasification temperatures such as ;Sa@d sapphire. Ryoiclst. al (2003)reported
precise location control of Si individual grains and assessed perfoema single-
crystalline thin film transistors by excimer laser induaggstallization. Their method
induced local structural modifications in underlying materialsagish conventional
photolithography, which have widespread applications in biomedical fReiai¢hi
2003). Papantonkiset. al (2006) investigated thin  film deposition of
polytetrafluoroethylene (PTFE, trade name Teflon ®) with the béla process called
ultraviolet pulsed laser deposition (UV-PLD) and explored the tffatess of a resonant
infrared laser ablation process to produce high-quality films wérséous families of
polymers. They deposited thin films with the help of a FreetiecLaser (FEL) on
microscale structures which showed good adhesion, excellent smaothneéshigh
degree of conformability to the substrate structures. The otheampyriobjective of the
research was to measure the deposition-rate as a functiorwoiiEnsity or fluence. In
general, pulse energy of 1 Jkris enough to remove the polymer thin films of
thicknesses around 100nm, similarly for thin film thicknesses around 10nm, only
10mJ/cm energy is required (Rizvi 2001; Yoshihisa 2009). Haretnal (1994) utilized
an excimer laser (ArF-193nm) to demonstrate epitaxial growthNbO; films to form
electro-optic thin film waveguides on sapphire and LiJ atplates, which can largely
benefit development of waveguide devices such as light reflectoesfensimetric
modulators etc. Sheat. al (1996) demonstrated that the laser focus position adjustable in
Z-direction can be used to process 3D microstructures under télsence. They used

small increments of laser focus lowered at 3 pm/pass to devdl@pal8 um deep 3D
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microstructure with material removal rate of 600 3(sn Tungsten and silicon were
successfully deposited with the help of different gases ArWHs and SiH. Low cost
manufacture of complex sensors devices, flexible printed circusiectrical
interconnection circuits, miniaturization and rapid prototyping caradieeved using
direct laser patterning of thin films (Shen 1996; Rizvi 2001). Bategt. al (1999)
investigated excimer laser ablation of microstructures of PMai polyimide and
proposed a numerical model to predict the wall angles of trenattigtes ablated with
partially coherent illumination. For explanation of the laser aligbrocess, researchers
have worked on molecular dynamics model where a group of atortreatex] as a unit
as compared to treating an atom as a single entity (Garrisofy &8rison 1985;
Paterson 1999). Attempts have been also made in observing the vasfatvail angle
with fluence with a numerical model (Kahlert 1992; Paterson 1999). ifinélagion
model about ablation developed by researchers can help translatesamjmc
observations into mesoscopic characteristics such as local temmperanergy

distributions, pressure and particle motion (Zhigilei 1998).

4.3 Excimer Laser 2D/3D Patterning

For development of functional micro devices, a considerable resefioch has
been devoted to laser patterning of two-dimensional (2D) or threengional (3D)
microstructures using lasers. Excimer laser ablation is &Mool for the generation
of high precision microstructures. For example; in micro-optieschanical precision
alignment with wave guiding structures for integrated opticamehts; and in micro-

fluidic domain, filters and micro-meshes for particle separatiorlow channels or
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mixing of fluids. All these uses of excimer laser ablationgpaihg are possible due to
high precision and resolution achievable. Ricciadial (1996) used excimer laser to
engrave laser symbols on polystyrene and polycarbonate (PC) fasdagt production
of computer keyboards and investigated color change for optimized PQOifiBS8re
containing 0.5% titanium oxide with laser irradiation. Dowlietgal. (2001) used an
excimer laser (KrF - 248nm) to assess the relative perfarenaf patterning TiN films
from metal sacrificial layers and reported etching behavioge eduality, film
delamination and layer selectivity. They used silicon as a sistith sputtered Cr and
Cu metal sacrificial layers in partially filtered arcpdsition system at 158G to directly
pattern the TiN films on silicon. Chet. al (2001) presented a simple fabrication method
to produce 3D bioMEMS devices for a high aspect ratio microredatstructure using
an excimer laser. Callewaestt al (2003) investigated excimer laser induced patterning
of polymeric surfaces and used an excimer laser (ArF-193nm2&8Rm) for surface
modification of polyurethane and developed a new micro-patterningpguoe. Chokt
al.(2009 also proposed a similar 3D micro-machining method using excaser talled
Hole Area Modulation (HAM) in which fabrication is done using excir@ser with
movement of workpiece with respect to laser beam to rediiterent types of 3D
microstructures. They also proposed a numerical model based on HAbptimum
laser ablation parameters to successfully create microBamanet. al (1998) employed
a (KrF-248nm) excimer laser and developed a contour mask technigueate micro-
prismatic structures where polymer sample was made to mokeresgipect to mask for
realizing a rapid replication process. They used a planarizyeg ¢t top of substrate to

eliminate debris formation and redeposition problems with polymatiabl Zimmeret.
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al (1996) studied the fabrication of analogous 3D microstructures #sig248nm)
excimer laser with mask projection technique and produced some lgeamyetrical
micro-features like micro-holes, micro-cuts etc. keeal (2005) proposed a new method
for fabrication of axially symmetric 3D microstructures based onFa(B48 nm) excimer
laser. They used a novel mask contour scanning technique for obthighguality
microstructures (~500 um and avg surface roughness less than d@riRojycarbonate

(PC) samples without compromising the machining speed.

Fig.15 illustrates the principles of direct patterning of thin dildny pulsed
excimer laser ablation of polymer where each pulse from ther lemoves a small
decomposed and ejected layer. The material removal was observedttthéeange of
0.1 to 0.3 um with pulse energies in the range of 0.1 to 1° §Rimvi 2001). Arnold et.
al (1995) developed a multistep pattern replication process comprisexgiafer laser
(ArF -193nm) micromachining, inverse replication by electroplapiracess and second
inverse replication by injection molding process. Ablation wasiethrout on PMMA
microstructures with high structural fidelity and low cost productioiteble for large

scale manufacturing of moulds.
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Figure 15 Excimer laser interaction with a)thick polymer film and b)thin metal film (Rizvi

2001)
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4.4 Material Response to Laser Light
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Figure 16 Laser—matter interaction of a pulsed laser beam (Db®ns 2007)

As laser ablation process is, by nature, a very complex and has been established a

a research interest topic throughout scientific world. It is dise to the fact that it

involve diverse processes such as laser excitation of absorbinguies|esnergy transfer

from excited molecules into transitional and internal modes cfdhé, material ejection

and disintegration, and consequentially plume development (Zhigilei 1988y. few

guantitative results could be found in the literature about the maiteesaction with

laser parameters involved for micromachining using a workpieaggdrg techniques

(workpiece displaces with respect to laser beam), most aefearchers have focused

on static machining practice, i.e. micro-holes, micro-patternéDetsbiens 2007). Based
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on a recent study, the laser ablation is believed to be a cadlettect of matter, rather
than a sequence of collisions between molecules or atoms (Zhi§i8). It is
characterized by the pulse-by-pulse removal of small amounteatérial from the
illuminate region of the target with least damage to the surroumdingderlying surface
(Paterson 1999). Water is sometimes used as the ambient enviraluaeatthe fact that
it eliminates the debris re-deposition over the substrate (Kruusing.2D@4rease in
etching rate for underwater micromachining may happen due to lavmeloer of pulses,
accumulation of debris, destruction of oxide layer and reduction inpaesrscy of the
liquid (water) (Kruusing 1999). Similar differences have been obséorezbmparisons
of underwater, gases and air (Kruusing 2004). Zhigileal (1998) investigated about
dependence of shape of ablation crater on irradiation regime anddexhtaser ablation
to be a collective process, wherein particles of interest invelveral hundreds of atoms
or molecules which participate in the ablation and plume developmenbmpleaon.
They also stated significant involvement of time scale or pdlsation in plume
development where the particle removal process occurs on longesdates or longer
pulse durations. Ejection of the matter is affected due to ovarhealt the material
where phase explosion or explosive boiling takes place in which thiex m@composes
into a gaseous mixture of cluster of molecules (Zhigilei 1998¢ Wdpid ejection
provides a faster means of cooling of the ejected matter andddeted region. It is
also observed that the pressure driven ablation leads to differetiorejeonditions for

molecules depending on their original depth inside the substrate (Zhigilei 1998).
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The ablation phenomenon in laser micromachining could be observed in three
forms; photothermal, photochemical or combination of both. In photothermaloablati
process, the absorbed laser energy is converted to latticeionltathermal energy to
cause melting and vaporization of the material (Tseng 2004). In pieotocal ablation
process, the removal of material is usually proceeds by direakage of atomic bonds
as soon as energy is absorbed by the surface of materialg(T2@04). The
photochemical ablation process is mainly dependent upon the absorptibciertef)
of the material, where the maximum depth of penetration is gavémynéhe reciprocal
of the absorption coefficienta). Excimer lasrs (ArF, KrF etc) exhibit photothermal
ablation phenomenon even for very small duration pulses ( >5ns) as cdnipare
femtosecond lasers where the thermal effects are considerally (Desbiens 2007).
Photofragementation phenomenon occurs when an excited molecule reacts
photochemically with the molecules and forms material fragments (2hi§iP8). Beer’s
law can be used to explain absorption probability and reproduce the exabnent
attenuation of the laser light with penetration depth due to lasetidation (Zhigilei

1998). Equation 4.1 (Tseng 2004) gives Beer’s law:

Ad = In(Fi/Ft) /a (4.1)
Where,Ad is the ablation depth/pulse,is the absorption coefficient, Fi and Ft are the

incident and threshold fluences.

A higher ablation coefficient results in lower ablation thresholeerfte, for
example in thin films deposition and material removal the polymgers on top of

delicate material can be processed without damage to the ungestsucture (Rumbsy
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1997). It has been observed that linear absorption and conformance with IBeeis
obeyed by most materials but only over a limited range of flee(featerson 1999). For
example, in RF-excited CQasers, the absorption depths are much deeper as compared
to FEL or UV lasers (Zheng 2001). Whereas the drilling rates déw tens of
microns/pulse are possible. Dyet. al (1996) estimated the ablation coefficient for glass
using probe-beam deflection technique and proposed following Equation 4.2 (Dyer

1996):

a = SKC/[(1 — R)E] (4.2)
Where, R is the surface reflection coefficient, C is the volspecific heat, E is the

excimer laser fluence, S is the deflection signal voltage and K is agbnsta

Equation 4.3 provides the relation of thermal diffusion length (L) aatia of

thermal conductivity of material (D), heat capacity and the pulse widtdHeng 2001).

L= (Dt)V/? (4.3)
Equation 4.4 gives the total yield of ablated material Vs. energy depositadiper

volume (E/V) (Papantonakis 2006):

lﬁddch)aFuﬂwJ)ELﬂdm{w)+ﬁﬂ (4.4)

Where, F is the laser fluence,is the absorption coefficient comprising linearand

non-linears terms,w andl are the laser frequency and intensity, respectively.
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In micromachining of polymershe excimer laser ablation of polymer materials
has been investigated by various researchers in last feadekedqSrinivasan 1984;
Sutcliffe 1986; Kuper 1987; Bruan 1989; Rumsby 1991; Gower 1992). It has been
observed that the interaction of pulsed high repetition excimerdagepolymer surface
leads to ablative photo-decomposition which results basically detstiong of polymer
surface and explosive ejection of decomposition products at supersopmties!
(Callewaert 2003). Ricciardit. al (1996) also observed the change of color due to
photochemical reactions on polymer surface due to high photon energy itbut w
negligible thermal effects. The polymer ablation using mask projection has beewneabs
to be having an important ability to perform micromachining withhéiccuracy, high
aspect ratios and considerably deeper than depth of focus of thegnugugics of the
laser (Paterson 1999). Papantonakisl (2006) observed for Free-Electron lasers (FEL)
with polymer-laser material interactions that the laser lsanprogrammed to excite
specific molecular degrees of freedom with mid-infrared photonshMacks sufficient

energy to initiate any damaging photochemical reactions.

In semiconductor materials, Zhesg al (2001) observed the laser micro-drilling
performance of KrF excimer laser (248nmY, lBarmonic pulse Nd:YAG laser (355nm),
RF-excited CQ laser and transversely excited atmospheric (TEA)Y &Ser on PCB
substrates which demonstrated that most PCB materials eXmlig absorption
characteristics with respect to laser's wavelength, therefumgy certain laser
wavelengths are compatible with a particular PCB mate3iatnet. al (1996) observed

that silicon can be etched by chlorine in a micro-reaction cordrolfea laser where the
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etching process is directly controlled by the amount of laseepmpeed of scanning,

gas pressure and the spot size of the laser beam.

For common metals, Rumsbst. al (1997) reported that ablation rates depends
on the thickness of metal layer varying from complete nmetabval with one laser shot
for some thin films (up to 100 nm) to multiple 10s of laser shotdilfas up to 30um
thick. Each pulse of laser removes a fraction of film thickness.optics, a
supercontinuum is (SC) is formed when a collection of nonlinear pexess together
upon a pump beam in order to cause severe spectral broadeningooigthal pump
beam. Linet. al (2006) used a Ti:sapphire laser (830 nm) on photonic crystal fibers
(PCF) with average laser power of 350mW to observe the influenkeseafpower and
ambient temperatures on the supercontinuum (SC) generation. Thaynednthat the
threhold pump power for SC build-up depends on ambient temperature of fibers.
laser fluence values for metals and ceramics are rdiativgher than losely structured
materials thus requires photothermal mode of ablation (Tseng Z0@& steel 304 AISI
material is observed to exhibit material hardening due to thehf@icetching underwater
causes laser shock because the etching rate for first few pulses decavlgi higher than
later pulses (Kruusing 2004). For 8k and MgO, the higher etching rate results in
underwater laser machining as compared to air., however, naastrgf explanations
were observed in the literature that why,®@ and MgO shows exceptional
ablation/etching behavior (Kruusing 2004). For Zr@QiC, Si3N4, glass and stainless
steel the etching rate is lower in underwater as compared (Krausing 2004). For a

fluence of 20 J/cfy silicon (Si) shows fluctuation in etch rate, melting and poor obntr
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over machined geometry (Desbiens 2007). For a fluence of 2.4 @@ Hz with 150-

250 pulses, the ablation depth of aluminum or silicon is less than tlgassf (Tseng
2004). Thermal conductivity of the material being ablated is a3y important in
determination of ablation efficiency or effectiveness. For exemaluminum have
thermal conductivity (238 W/mK) at 680 as compared to silicon (157 W/mK) at
(1410C) and with glass (1.1 W/mK) is higher (Tseng 2004). Thus lesser ablation depth is
expected due to rapid dissipation of heat inside the material wdads to irregular heat
affected zone and thermal profile (Tseng 2004). The laser threshotipper with KrF
excimer laser was observed at 3 J/¢iteng 2001). Unlike polymers, the micro-drilling

of copper requires higher input energy.

In glass and dielectric materials, short UV wavelength $asech as KrF (248
nm) lasers are well coupled and absorbed with common dielectierials (Zheng
2001). Whereas the laser light of wavelengths around 355 nm areeaetive with the
dielectric materials. For glass fiber materials, the qualitablated or laser processed
surface depends upon the thermal and mechanical properties of dralnadng with
laser processing parameters. Also, the interaction of lasmmn lwith the glass/epoxy
matrix depends on sevral factors such as beam coupling, thermal tomdotelting
and vaporization (Zheng 2001). Zhesigal (2001) observed that for glass fiber materials
it is more important to ablate and remove material quickly &mistd using a beam with
lower fluence due to the fact that less heating would restlit skiorter pulses with high
pulse energies which would essentially eliminate unwanted thdramadfer process to

heat surroundings. GQasers emit a medium wavelength (10.6 pum) in infrared regions
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where absorption in dielectric materials igher up to >90%. Therefore, when the ¢
rate is slow then hundreds of pulses are requaextah a thick dielectric layer (120ui
(Zheng 2001) The required energy density for completecro-drilling a particular

material bye laser varies with respect to its thess.

Glass as compared to other materials like alumimamah silicon have very lo
thermal conductivity (1. W/mK) (Tseng 2004), thuthe ablation efficiency is expect
to be higher as compared to aluminum or silicorllolang table highlights importar

properties of the glass, aluminum and silit

Table 6 Thermo-physical properties of glass, aluminum, and scon (Tseng 2004

Properties Glass Aluminum Silicon
Density p, (kg/m*)® 2230 2700 2330

p (kg/m*) 2030 2385 2130
Heat Capacity G (J/kgK) 712 917 716

G J/kgK) 1200 1080 1200
Thermal Conductivity ke (W/mK) 1.10 238 157

ki (W/mK) 2.87 100 30
Melting Temperature Tw (°C) 820 660 1410
Absorptivity A 0.8 0.059 0.02

A 0.8 0.064 0.05

For materials inTable 6,the ablation depth showed a linear relationshigh
increase in fluence, this observation is also &tent with results of Kauteet. al (1996).
Glass materials are very fast in becoming the n@dtesf choice in photonics,
communication and MEMS device industr(Chen 2005) Excimer lasers allow caref
processing of these high precision glass structuiisout affecting their strength ai
properties (Chen 2005)or glass, the laser ablation process is usugilytotherma

which takes place because the laser energy is eitabheat the glass to its melti
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temperature at lower fluences, thus glass requires higherti@pedites to overcome this
problem (Tseng 2004). Plasma shield around ablation region of glasdscaform due
to continuous bombardment by laser beam pulses by temperature iosezetl vapor.
However, the life of the plasma is generally very short onotider of femtoseconds

(Tseng 2004).

At higher laser fluences, the dielectric materials responid avpplasma shielding
effect in which the surrounding gas is partially ionized and maint&énspeed and
direction towards laser beam and thus protects the surfacddsemradiation exposure
(Zheng 2001). One of the major defects in lasers is recashahen debris formation.
The presence of molten phase can lead to molten droplets and detesosition and
solidification on the surface of the crater (Chen 2005). The sdragpéorm of the molten
droplets after solidification hints at significant differencesatidification time scales. In
case of glass ablation, the heat of molten droplets on the suftcbeing re-deposited
does not get transferred into surface fast enough to melt thelyimglesurface (Chen
2005). Thus molten droplets solidify to form flakes or debris. For thicktlindfilms
removal, thick dielectric materials show higher ablation ragd lower ablation
threshold fluences as compared to thick metal films (Rumbsy 1987gxEmple, with a
fluence of 0-30 J/ch PZT and Pyrex show etch rate of 0.4 um/shot with Pyrex showing
cracking above 10 J/dm(Desbiens 2007). For diamond, the laser etching involves no

qualitative differences independent of the ambient environment (Kruusing 2004).
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4.5 Micromachining of Polymers

Since polymers usually have relatively lower laser fluenceslhiolds, the
photochemical ablation dominates the polymer’'s ablation process. fdieerdor
materials with higher laser fluence thresholds, such as cexamétals, the photothermal
process dominates the ablation process (Tseng 2004). Polymbéesaseiited for micro-
structuring due to low ablation thresholds, smooth etching behavior, ablaition rates
with  minimum number of pulses and modest fluence values (Zimmer 1996).
Photothermal mode of ablation is observed when the material is ablated both in vapor and
liquid phases (Chen 2005). For laser irradiation (Xe, 308 nm) of Ri®BEners under
water, increase in surface wetting and adhesion strengtrep@ased due to replacement
of fluorine atoms in PFTE chains and addition of H20 molecules by agterical
reaction (Kruusing 2004). For a single layer polyimide substugian subjected to laser
micro-drilling operation the etch rate of 0.12 pum/pulse was obdemth a fluence of
400m J/crh (Zheng 2001). For polyimide underwater laser etching, the etatitey
remains same as compared to air when the laser fluence is Beldvend (Kruusing
2004). For polyimide, UV lasers are generally used with preferénedo the fact that
they produce the highest resolution with low thermal damage teutbhstrates (Zheng
2001). For annealing applications in polyimide excimer laseriablahe invariance of
the threshold fluence by annealing temperature occurs due to photoaheaice of the
ablation process (Chen 2005). Which mean that even after changimgtitieannealing

condition, no noticeable effect on threshold fluence occurs.
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The other polymers such as PMMA, melamine, polystyrene, urea and ketone
show very small or little ablation at 100 mJfcfor KrF excimer laser (Suzuki 1998).
PMMA is known to exhibit an incubation effect, where the previousrlpsises affect

the current ablation etch rate (Paterson 1999).

4.5.1 Polyurethane (PU)

Technically, polyurethane combines the best properties of both @asticibber.
It is a thermoplastic polymer with low melting temperature {232C), specific gravity
(1.19kg/nt at 26C), water solubility (< 1 mg/L at 268) (NICNAS 2000). Polyurethanes
are also used in a number of medical device applications such adeshoimplants,
injection molded devices and artificial organs. Macgagl (1995) developed a new tri-
leaflet heart valve prosthesis based on polyurethane polymer. Workimgv with UV
lasers, polyurethane have good ablation properties in terms of nis femation and
cavities with high dimensional quality (sharp edges with low sarfeoughness)
(Callewaert 2003). Within the field of biomaterials, polyurethaneonsidered as one of
the suitable material to have good biocompatibility, extensive tatei@nd property
diversity (Mackay 1995; Callewaert 2003). Surface modification isfi@ttive means to
alter biological interactions with the surface of the mategolymers like polyurethane,
polyethleneoxide, and polycrylamide have played an important roleeinlévelopment
of medical devices ranging from tubular vascular prosthesesifioi@rthearts (Mackay
1995; Callewaert 2003). MasubucHi. al (2001) studied the ablation dynamics of
polyurethane films using a KrF (248nm) excimer laser and obsere¢gohtyurethane

have low ablation threshold (40mJ/Amwith high etching rate (etch depth of 0.5 pm at 1
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Jlcnf), they concluded that, during ablation, material decomposition predominantly

occurs via photochemical pathway.

. D\ DANG AN

Figure 17 Chemical structure of polyurethane (Masubuchi 2001)

Suzukiet. al (1998) also studied the ablation mechanism of various polymer resist
materials (phenol, novolac, PMMA, polyimide, polyurethane, urea, me&mi
polystyrene and ketone) and reported data on the absorption coefficiatigraldte and

uniformity of surface ablation using an excimer laser (248 nm) at 100 fmJ/cm
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Fig. 18shows the behavior absorption coefficient and tlablation rat (Suzuki

1998):
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Figure 18 Important results about correlation between absorpion coefficient and ablation
rate of polymers (Suzuki 1998)

As seen from ig. 18 that the materials with absorption coefficient lekan
1x1Qcm™ show very little or no ablation fohigher fluences (>100mJ/é). This
phenomenon is dependent upon variation of primacgfsdary structure of the polyme
A primary structure of a polymer is a combinatidrite chemical characteristics and
constituents, for example, in polyurethanonstituents such as pr~isocyanate,
diphenylmethane diisocyanate and chains of polyiste These constituents control
ablation behavior of polyurethane. The differennetype of structure, chain or rir
structure, also plays an important role blation dynamics and plume generat(Suzuki
1998) The research effort in developing composite passrhas lead polyurethane to
the polymer of choice because it offers abilityfeem polyurethane networks whe

constituent polymerare chemically distin(Aldesulu 1982).
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4.6 MEMS Devices and Patterns in Laser Micromachining

Today many MEMS applications have expanded exponentially and progigssi
with more complex structures and miniaturization is an importanttin biotechnology,
microelectronics, telecommunication and medical technology (C1@64). New
upcoming generations of MEMS devices require layered fabricatioBDoftructure
consisting of several thick layers (>5um) made up of glaggon and ceramics
(Desbiens 2007). Currently, the modern materials in MEMS devieeBnaited due to
fabrication process limitations. MEMS devices and hard disks awerajéy coated with
“Teflon-like” materials which require micromachining and microgessing to obtain
the required high surface-to-volume ratio, a prerequisite for rele@romechanical
systems (MEMS) (Papantonakis 2006). For micromachining patterhstiat help of
laser micro-drilling, the process of laser micro-drillicgn be a serial process with one
hole drilled at a time or a mask imaging process where nhaitgs can be drilled
simultaneously (Zheng 2001). At the least complexity of patig, periodic arrays of
micro-holes can be obtained by controlling X-Y translationalestaghile simultaneously
being in sync with laser output. Petletgal (1998) performed a multilayer fabrication of
micro-electrode structures with very small (>10 um) sizadufes using a KrF excimer
laser (248nm). Their work was directed towards developing a biofactory-op-éBfHC)
device capable of performing a wide range of complex diagnostks t@m a single,

miniaturized and economical package.
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4.6.1 Mask projection

Many researchers in MEMS device fabrication research havd usask
projection technique to realize a variety of 2D/3D microstructurbs laser projection
optics system can be used to project a mask that contains algegtiern to the surface
of the substrate (Zheng 2001). Mask projection technique is wedghyoyed to produce
2D and 3D microstructures by various researchers (Zimmer 1996b&/ 1997; Rizvi
2001; Zheng 2001; William 2004). A large number of holes in an armaybeadrilled
simultaneously using the mask projection technique illustrated umefigbove. For a
limited area, the number of holes are usually limited by the $iake and the spacing
between the holes, whereas the processing time is geneggflghort to a fraction of a

second (Zheng 2001).
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Figure 19 Mask projection technique illustration (Zheng 2001)
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Rumsbyet. al (1997) investigated polymer ablation for high density excimer
laser 2D patterning of polymer thick or sputtered thin films usimmask projection
technique for fabrication of multi-chip module interconnection, miniatuease
elements and miniature flexible printed circuits. Céioal (2004 used mask projection
technique with a new kind of mask positioning model, called hole area atiodul
(HMA), where sequential holes with different and distributed diamsedre used to form
3D cavity because the machining depth is converted to the sizes lobles on the mask.
Rizvi et al. (2001) developed techniques to manufacture miniature thin film devices by
excimer lasers for electro-manipulation and separation of dnitiefes using travelling
electric field di-electrophoresis effects (Rizvi 2001). Théspaised a mask projection
tool to successfully pattern three layers of a biosensor deviser llmask projection
method allows creation of a complete pattern in the metalr lagethat complex
fabrication process of printing micro-circuits can be done inngleipass (Rumbsy
1997). With the help of de-magnification ratio of the focusing lens, ldser’s
effectiveness can be controlled. The geometry and quality of tiherrpaian also be
controlled by controlling the process parameters and focal positlanlaser mask
projection technique the complexity of the pattern is not considereth@ortant factor
as the quality of final pattern depends only on total area to bermexdtand the energy
required to remove the required amount of material (Rumbsy 1997). Thesgirag time
for a particular material depends upon beam spot size, spacing bdiales, complexity

of pattern(2D/3D), repetition rates, travel speed (X-Y) (Zheng 2001).
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Figure 21 SEM image of 3-D Electrodes on a circular SU-8 substra{€hoi 2001)
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Figure 23 SEM images of laser milling on glass realized with optial parameters: (a)

Rectangular cavity of 800umx=1200umx400um, b) Close-up view of the surfdagsh

ablated with the excimer laser and ¢) SEM image of a cavity milled i8iC (Desbiens 2007)

4.6.2 Future Scope in MEMS

The ablation phenomenon can be better analyzed by developing miccoscopi
computer simulation models for better understanding of the quantitatfimenation
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involved such as energy, temperature, pressure, atomic motions andhtigealit
conclusions (Zhigilei 1998). Thin film synthesis by pulsed lagosition have many
future applications in producing new and artificially structured rmadseand coatings
(Lowndes 1996; Zhigilei 1998). To further enhance the application omexdasers, a
better understanding of the nature of micromachining process dtfireelqthrough
experiments and analytical models (Tseng 2004). Laser ecwitat photoablation Vs.
vibrational excitation remains a topic for research (Zhigilei 1J9¢8r MEMS device
fabrication, simplifying of the fabrication steps should be considamdmportant

direction for development efforts (Choi 2001).

Photo-chemical etching and grafting of polymeric surfaces prandateresting
new method to get a good control of the nature of laser treated eswvfach is an
important advantage in biomedical and biosensors research (Catl@088). There is
industrial demand for manufacture printed complex sensor devicessitie®e much
higher than that can be achieved with conventional processes suctees [gnting,
etching or photo-tool processing (Rumbsy 1997). In MEMS device faloncat is
important to produce vertical geometrical features with underclis,wehich recently
has been paid less attention because it is impossible to predict die¢ail shape of a
three dimensional structure made using a given 2D maskrpé®aterson 1999; William

2004).
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CHAPTER V

PROBLEM STATEMENT

In order to comprehend the transfer of laser energy into workrialatan
organized approach is employed for excimer laser micromachihipglgmer samples
with control over laser parameters. Excimer laser micromauiiprovides various
benefits for polymer micromachining with its UV light output anghhablation rate due
to short wavelengths. The experimental results from the tigagisn of polymer
ablation would help in optimizing the process parameters for mictumag process for
micro-patterns and MEMS device fabrication. Polyurethane (PU)nmoky have received
widespread interest for excimer laser micromachining due to tbeier ablation
threshold and high quality of micromachining. The main objective ofréisisarch is to
understand the irradiation behavior of polyurethane polymer when expositetent

operating conditions during excimer laser micromachining.

The first objective of this investigation is to conduct laseron@chining using

experiments with an excimer laser on polyurethane (PU) polymer undeediffer
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operating conditions, such as variance in repetition rates, flfgmkel/crm), number of

pulses (N), and mask size.

The second objective of this investigation is to compare the ablagghanism
and ablation rates in air and underwater environments. Furthermore, lyaeattze
ablation results for differences for both environments. The sunf@a@ghology and
topography will be analyzed using an optical microscope, surfafiler, and

MicroXAM laser interference microscope.

The third objective of this investigation is to use computer gereNfecodes or
G-codes to perform translational movements in the X-Y-Z axegetwerate micro-
patterns for different applications, also to analyze theteffemask diameter on pattern

design and seam quality.

The fourth objective of this investigation is to optimize progessameters to
obtain high quality micro-machined surfaces or patterns, such as-gdars and micro-

circuits.
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CHAPTER VI

EXCIMER LASER EXPERIMENTAL SETUP AND OPERATING PROCEDURE

6.1 Introduction

Micromachining was carried out using a short-pulse medium-powerbda
Physik COMPex 205i excimer laser generation system. Tlee ¢@neration system can
deliver a laser beam with nominal pulse duration of 25 ns withxanman of 650 mJ of
energy at a maximum of 50 Hz repetition rate at 248 nm wawbldéogkrypton fluoride
(KrF). The system consists of five main components, namley,adgr beam generation
system, (2) Optical delivery system, (3) Three-axis motionrobtbet system with a
computer workstation, (4) Gas delivery and exhaust system, (B)ySsquipment and
sensors. A computer workstation is used to interface the laserager system with the
PSO stage and motion controller connected through hardwired motherlbbardaser
beam generation system can be triggered to output laser beamirgitheally via the

computer workstation or by external keypad controller.
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Figure 24 a) Schematic of the laser system, b) Optical delivery systeo)

Doublet and workpiece arrangement
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Attenuator Field Lens
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Homogenizer Mask

Doublet
KrF Excimer

Laser

Specimen
L 1

XYZ STAGES

P30 Cartroller

Figure 25 Schematic of the experimental setup for exciméser micromachining (Gould

1959)

6.2 Laser Beam Generation System

Mt

Laser Beam

Figure 26 A KrF excimer laser generation system enclosure
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The laser generation system is a Lambda Physik COMPex 20®bnhexlaser
connected to a 115V at 25A power supply which produce a high power, short pulse
(FWHM=25nm) laser beam. It is installed in a dry and cleara avbere ambient
temperature is maintained at°25 The laser output is controlled using external or
internal triggers using computer workstation or handheld contrdfiellowing are

Lambda Physik specification from laser the operational manual given:

Table 7 Lambda Physik COMPex 205i Excimer laser specifications

Wavelength (nm) : 248 nm (KrF)
Maximum Output Energy : 650 mJ
Maximum average power : 30w

Normal Operating Voltage: 22V

Maximum Repetition Rate: 50 Hz

Nominal pulse duration : 25ns
Translational Stage Axis X,Y and Z

Type of the homogenizer : Dual-Axis
Orientation of the laser beam Horizontal

Gas Mixture Ne = 99.995%, Kr = 99.99%, FI ¥
Used(Type=Purity) 5%-+He = 95%, He = 99.995%

6.3 Optical Delivery System

The optical delivery system consists of various beam alteriaghamisms to
control amplitude, focus, range, divergence and intensity. It consists aftenuator,
homogenizer, mask, field lens and a doublet to control delivery of the.bEaen
attenuator consists of a coated attenuating element with a caamgrensator plate
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whose angle can be varied using a hand driven dial which allows ttsnission of

beam to be changed between 0%-95%.

Homogenizer transforms segments of laser light from generatistem into a
homogenous laser beam. It consists of two arrays of lens whiatylardrical in shape
along with condenser lenses. Field lens gathers the lasecdigtihg from homogenizer
and converges the laser beam and directs it towards the mask. Dgpgpoin the mask
shape and size, laser beam takes the form of a replica mitfieshape and is allowed to
pass through the mask. Mask sizes and shapes can be changed liasdgipmof laser

operation.

Doublet, which can be adjusted, consists of two lenses of 50 mm radiuged
with the curved sides of the reflective lenses which converges amagi@fies the mask

image of laser light onto the workpiece.

Laser (24% nm) Attenuator Homwogenizer Field Lens Mask Douhblet Worlpiece

B> <1

Figure 27 Schematic of the optical laser beam delivery systef@ould 1959)
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Homogenizer
Module

Focus Lens

Mask Holder

Worktable

Figure 29 Focusing lens and laser mask
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6.4 Stage and Motion Controller

The stage and motion controller controlls the X,Y and Z axis mewm&sreither
manually or though computer workstation with the help of numerical ayd@scodes. It
is made by Aerotech Co. and is used with three transitiongéstas ATS100-150(X-
Aixs), ATS100-100 (Y-Axis) and AVS105(Z-axis). The transitional stagee hardwired
with the controller and the controller is interfaced with the computekstation with a
hardw are motion control card UNIDEX 500 with a PC-bus securitynkegule attached
to the printer port of CPU. The computer workstation is equipped wittviaiMerface
software along with CimCAD package which integrates the whg#tes to be a

multifucntional, programmable and manually controlable motion control system.

|
by
%

’ :

&

Translational Stages Computer Workstation

Figure 30 Computer workstation and translational (X,Y) stages
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- = Workpiece

Figure 31 Translational stages and work sample

Computer Workstation

Figure 32 Stage and motion controller
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Figure 33 External control keypad and energy calibration device

6.5 Gas Delivery and Exhaust System

The gas mixture used in the system consists of four elemenBuffey gas, 2)
Rare gas, 3) Halogen gas and 4) Inert gas. Neon (Ne) is usdulfisragas at 99.995%
purity level, Krypton(Kr) is used as rare gas at 99.99% purityl,lév@logen mixture
consists of 5% Fluorinegfrand 95% Helium(He) and finally Helium is used as inert gas
at 99.995% purity level. All gas cylinders are controlled using presggulators of 580

valve size and 3000psi pressure handling range.

Figure 34 Laser module gas exhaust system
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Figure 35 Gas cylinders and cooling water supply

6.6 Safety Equipment and Sensors

tiy

AIRGARD® 405

Figure 36 Safety sensor and hazard situation warning system

The safety sensors shown in Fig. 36 can detect any leaks aursdimg areas of
laser for halogen mixture from its enclosure. Regular maintmnaf safety sensors is

carried out with weekly safety checks of sensors and alarm system.
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CHAPTER VII

METHODOLOGY

7.1 Introduction

The Excimer laser micromachining was carried out usingahewing steps: 1)
Sample preparation, 2) Determination of laser fluence and focal Byiftalibration of
input energy, 4) Laser micromachining under in air and underwateroamants, 5)
Ablation depth and Surface analysis using optical microscopy, agdirtgce mapping

using profilometer and MicroXAM laser interference microscope.

7.2 Sample Preparation

Following steps were taken in the preparation of the sample:

1. The sample has first cut from a large sheet to 10 x10 menasid placed in a
beaker with a detergent solution for cleaning purposes.

2. The sample was rinsed with distilled water.

3. The sample was again placed in a beaker containing distilléer wwad then
subjected for further cleaning in an ultrasonic bath for 2 minutes.

4. Methanol was used to rinse the sample.
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5. The sample was placed in a beaker containing methanol and subjected
ultrasonic treatment for 2 minutes.

6. The sample was dried using compressed air.

7.3 Determination of Laser Fluence, Average power and Focus Point

The output energy per pulse from laser always decreasestsvitiervice time
after a large number of pulses has been fired. It is condicdereise precautionary
measure to ensure the proper output energy of laser beam usigy ea&bration

equipment. Equation 7.1 is employed for calculation of laser fluence:

f= Eavg (7.1)

Q2
Where By is the average of pulse energy obtained following every 50 paiséd) is

the diameter of the mask, e.g. 1152um, 555 um etc

Pyg=EXf (7.2)
Where Rqis the average power outplits the repetition rates in Hz, and E is the energy

per pulse.

For laser focus point determination, the optical setup is used aldhgsame
preliminary tests and the best focus location and doublet settimgsewsployed for rest

of the experiments.
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7.4 Calibration of Input Energy

A Meletron M400 energy calibration meter and detector is used tsureethe
direct output laser energy at various spots on optical systeffierddit sets of energy
calibration are performed with the help of operational manual oftké@léM400 energy

meter.

7.5 Laser Micromachining Under Different Environments

An excimer laser with 25ns FWHM is used to machine polymempkarunder
different environments. A selective set of laser micromachinargrpeters are, given in

Chapter 8, used to perform laser micromachining different samples.

7.6 Optical Microscopy

An optical microscope made by Nikon Model #EPIHOT 290 is used tozmnaly
the surface characteristics of the laser micromachined samfthe intensity of thermal
damage, hole diameter, nature of ablation, and ablation depths areredbserd

compared. Following steps are used to analyze a sample:

1. Place the specimen (inverted) on stage

2. Center stage using x-y controls at sides

3. Rotate objective lens turret so that 5x lens is beneath specimen

4. Turn on the microscope power

5. Adjust the light intensity; it should be less than half of the marn available
limit
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6. Adjust eyepiece lens, fine focus know as required to focus on a surface

7. Move X-Y stage controls to view different areas

8. Re-center stage then turn turret to use higher power objectigni.e2nSx, 10x,
20x, 50x and 100x

9. Re-center or re-adjust fine focus using fine or coarse knobs

10.Use computer workstation to obtain optical micrographs, adjust vanaiialde
parameters if necessary

11.Turn off microscope when finished

7.6.1 Focus variation method

Focus variation method is employed to determine the depth a-hotroon a
surface. At 20x magnification, the difference between _the Kimgb travel distant to
properly focus at surface versus focus at bottom gives the proportieasure of hole’s
depth. Optical microscope’s operational manual is used for deteioninaf travel of
eyepiece to shift the focus. Readings for all holes are recardkdsed to develop depth

results.

7.7 Surface Mapping using Surface Profilometer

A surface mapping profilometer made by NANOVEA Model #PS50 el us
obtain surface maps of the samples. It uses a white light smdogperates on an optical
measurement principle called “Axial Chromatism” where ligl#gsses through an

objective lens with a high degree of chromatic aberration.
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The surface profilometer is used to obtain X-Y line profiles, tedladepth,
ablation area for various holes and patterns. Following stepsmmeyed to operate the

surface profilometer:

1. Mount the optical pen (130um size) for measurement

2. Wait for 5 minutes and record the dark signal (interferergatinherent to the
sensor) and subtract from actual measurement.

3. Select the measurement mode; Topography or Thickness

4. Set the Y-axis of the probe to make sure intensity bar remains between 5%-99%

5. Select the scanning parameters for frequency (100 Hz, 300 Hz, 80dHW),
area (mm), and step size (5, 10, 30 or 50 pum).

6. Start scan of the area

7. Observe the resulting scan and readjust, re-center, if necessary.

8. Save the data to a computer hard disk.

9. Open the data on a companion software (Professional 3D) for studying the results

10.Refer to operational manual for surface profiler or Professionafo8Durther

analysis of results.

7.8 MicroXAM Laser Interference Microscopy

A MicroXAM laser interference microscope is used for examiniager
micromachined samples. It employs laser light to scan througtathple’s surface using

various wavelengths and ultimately provides a 3D scan, X-Y line profiles etc
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CHAPTER VIII

EXCIMER LASER MICROMACHINING OF POLYURETHANE

8.1 Introduction

Polyurethane (PU) is a thermoplastic polymer which shows mgetit ablation
due a variety of primary and secondary structures (Suzuki 1998)résukh of excimer
laser excitation during ablation the process many phases aervedl such as
temperature elevation, thermo-chemical decomposition, surfacendrdgtion and
ejection of debris (Mackay 1995; Callewaert 2003; Kruusing 20049.Highly desired
that the material removal rates are related to the etch daf#Hor understanding of the
ablation dynamics leading to a particular etched surface prafseng excimer laser,
inducing a significant chemical change on the surface of petlyane impacts a number
of technologies, such as tissue engineering, MEMS devices, amdosductor
manufacturing. At present, polyurethane (PU) is considered to bet a&dmapromise
material available, in terms of biocompatibility, mechanicakibility, and strength. PU
is practically very important and widely used as industrial amdneercial products, i.e.

MEMS devices, heart valves.
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8.2 Ablation Characteristics of Polyurethane

8.2.1 Experimental Procedure

A polyurethane (PU) sheet (1 mm) is used as work matafiai cleaning its
surface with a chemical solution to ensure a debris free sutfaser mask sizes of 180
pm, 300 pm, 455 pum, 555 um and 1152 pm are employed for laser beaenyddlhe
surface of the polymer is then exposed to laser energy forahdsedrom 150 mJ to
500mJand with repetition rates from 1 Hz to 50 Hz. The reason forighis observe
range of ablation depths at micro level with two goals; a) Changblation depth with
respect to change in input energy at constant repetition rat€sabpe in ablation depth
with respect to change in repetition (number of pulses) rateratant pulse input
energy. The computer workstation connected to the translational stagestilized by
PSO/G codes for precise translational movements or workpiece urméent laser
beam. The computer aided design (CAD) was created using CimCAR™P30-G
codes are generated for the translational stages to ektdrigder the laser. A scaling
factor routine is carried out on G-codes to allow smaller ga#tern diameters to be
etched from an original design. After a series of experimdmslaser micromachining
process is repeated for different environments as under air and ateletovobserve the
differences in ablation dynamics of polymer. For underwater erpats 20 ml of water
is poured into a water container having the polymer sample catyptetbmerged. The

water container is shown in Fig. 37 as below:
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Water Water

/ Container

Polyurethane (PU)
Sample

Figure 37 Schematic of the setup for micromachining underwater

The polymer sample is properly cleaned and then subjected to dasggy
followed by examination under optical microscope, surface profilanaeig MicroXAM
surface mapper. Results of micromachining under air and underwatdrea compared.
Surface mapping data is used for understanding of ablation dynamiadeaeldping

hypothesis. Table 8 list the important properties of the polyurethane (Riglesased.

92



Table 8 Properties of polyurethane (PU) polymer (NICNAS 2000

Hardness 00-88
100-500 Ibs./finch

-65° 1o +225° F

LAUU KEJ TS

O el 0.209 (W/m-°C)

ina .15
o I s |

s

M eden AL ok M
YEALCL LASSUA PLAEL | £ U 02 -1 5

weight increase)

Dielectric Strength 300-500 (V/mil)

Polymer Class Thermoset
Processing 6-121 (°C)
Temperature
Molding Pressure 1-31 MPa
Base Ester

8.2.2Results and Discussic

Fig. 38 shows a preliminary st of ablation for polyurethane samples ¢
constant pulse enegy of 200mJ with variable rapatitates ( Hz to 5C Hz) under air
environment. §nificant ablation depth is observed from 5Hz (@5ps) at 1 um with
an average increase (etch rate) um per pulse up to 15 Hz (75pulses). Between 1!
to 30Hz, an average increase of um per pulse is observed. During 30 Hz t« Hz,
the ablation depth is increased at an average 5 um per pulseFig. 38 shows a

comparison of similaexperimental tests. Ablation depths for differeagetition rates ar

93



measured using focus variation method which yields an averagedepth of ~0.2

pm/pulse. Linear increase of ablation depth is observed over a range diore peties.

Figure 38 Optical micrographs of the top views of polyurethane saples ablated at pulse

energy of 200 mJ/crhat variable repetition rates (1 Hz to 50 Hz or 5 to 250 pulses)
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Figure 39 Variation of ablation depth with increase in number of pises at pulse energies of

200 mJ, 250 mJ, and 275 mJ.

For 250 mJ & 275 mJ pulse energy, the ablation depth increasedylimg#o 15
Hz which imply rapid material removal; during 15 Hz to 35 Hz thenghan ablation
depth appears constant which could be due to plasma shielding corejgfictnhaterial.
During 35 Hz to 50 Hz, the ablation depth increases rapidly in both estmeter of
ablated hole is observed at 290 um. At 50 Hz, the diameter of thedhhlae increases
to 345 um implying further ablation of the edges near HAZ duegh repetition rates of
laser pulses. Minor increase in diameter of the hole geometlyserved as the number

of pulses are increased.
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8.2.2.1 Change in Ablation Depth

Based on the previous preliminary experiments, a set of input proaesseters
are selected in combination with input energy and repetition fateboth air and
underwater environments to investigate the most suitable operatigg c& parameters
for polyurethane polymer. It is important to note here that allalated holes are
observed to baon-through holes since it would require longer exposure time to have a
through hole with limitations of maximum input energy. An attempt was made to obtain a
through-hole but without success as longer exposure times for polyurethane cause
excessive heat affected zones and very poor edge geometry. iRgll@ptical
micrographs (Figs. 40 to 43) show ablation characteristics inam@ar underwater

micromachining on polyurethane samples:

96



A) In Air:

25 Pulse 100 Pulses

150mJ

200mJ

300mJ

Figure 40 For inair environment, at 25-t0-100 Pulses (5 to 2Bz) optical micrographs (at
20x) showing ablation
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Figure 41 For air environment, at 175 to 250 Pulses (35 to 504} optical micrographs (at

20x) showing ablation
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B) Underwater

25 Pulse 100 Pulses

150mJ

200mJ

300mJ

Figure 42 For underwater environment, & 25 to 100 Pulses (5 to 24kz) optical micrographs

(at 20x) showing ablation
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175 Pulse: 250 Pulses

150mJ

200mJ

300mJ

Figure 43For underwater environment, at 175-t0-250 Pulses (350Hz) optical micrographs

(at 20x) showing ablation
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8.2.2.2 Ablation Depth Comparison: Air Vs. Underwater

The following surface mapping micrographs show ablation chaistate for in

air and underwater micromachining on polyurethane samples:

A) At200mJ @ 25 -250 Pulses

In Air Underwater

S5 Hz

{25 Pulses)

20Hz

{100 Pulses)

35Hz

(175 Pulses)

{250 Pulses)
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B) At 300mJ @ 25 -250 Pulses

In Air Underwater

SHz

(25 Pulses)

(100 Pulses)

35Hz

[175 Pulses)

[250 Pulses)

102



8.2.2.3 Depth Profilesn air and underwater

A) In air, hole depth profiles at 150mJ @ 5 H- 50 Hz (25 250 Pulses

Line Profile Location Cross Sectional Profile

0 0025 005 0075 04 0425 0456 01756 02 0225 025 0275 032 03256 035 0375 04 0425 045 0476 mm
1 ! L 1 1 L 1 I

— pp—

Maximum depth 2481 pm Area of the hole 2161 pmz
Maximum height 97.51 nm Area outside 139034 nmz 25 Pulses

0 0025 005 0075 04 0425 045 0475 02 0225 025 0275 02 0325 035 0375 04 0425 045 0475 mm
I I | | I | | I |

Maximum depth 1156 um Area of the hale 1767 pm2
Maximum height 0.5520 pm Area outside 0.000 mmz 1 00 Pulses

F

0 0025 005 0075 01 0425 045 0475 02 0225 025 0275 03 0325 035 0375 04 0425 045 0475 mm
L L ! 1 1 N L 1 !

a

\

pm

Maximum depth 1823 pm Area of the hole 2816 pmz
Maximum height 0.3796 pm Area outside 02127 um2 1 75 Pulses

o 00p 00F 007 01 QRS 0NE OUNRS 02 0226 028 0276 03 03 036 0376 04 04a2F 04F 0476 mm
I 1 s i L I . I N L i N Il L [l "

o

A0 -

20

2

a5 -

=0 -

[

70

uim

A s P 0.7 g Aded of the Bale FI5E UMz 50 1
2845 ym2 250 Pulses

Wi halght 2.4 g Aawa outside
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B) In air, hole depth profiles at 200mJ @ 5 H— 50 Hz (25 250 Pulses

Line Profile Location Cross Sectional Profile

0 0025 005 0075 04 0125 045 0475 02 0.225 025 0275 02 0325 035 0375 04 04256 045 0475 mm
1 I I 1 | I I !

pm

Maximum depth 4030 um Area sfthe hele 758 umz
Maximum height 4937 nm Area outside 0.2218 pmz2 25 Pulses

0 0025 005 0075 01 0125 045 0475 02 0225 025 0275 03 0325 035 0375 04 0425 045 0475mm
1 1 ! 1 1 1 I 1 !

\‘_\
T

Maximum depth 15.95 pm Ares of the hole 2718 pm2 1 00 1
e Masimam htght 167 m s ovtide 5.500 mmz Pulses

0 00eF 00F 0O7F 04 04X 0465 D47E 02 0225 025 02T 03 0325 03 0SS 04 04XF 0dE 0475 mm
L L ! L 3 N . L L

1 fomer T

0 -
0
- 4

50
80 ]
0
0

=
Masimum depth B4 17 pm Asea o1 thie hode SNEE um
M haight AETT g Ade sutiide 0,000 mm2

Mxdmm dapth BT 8 pm Area of the hols S48 pe2
st hatght 5158 o Ares ocnte 5211 pmz 250 Pulses
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C) In air, hole depth profiles at 300m @ 5 Hz — 50 Hz (25 250 Pulses

0 0025 005 0076 04 0426 015 0475 02 0225 025 0276 02 02256 035 0375 04 0425 0456 0475 mm
1 1 ! ! 1 ! 1 1 !

um
haximum depth
Mawimum height

5.071 pm Area ofthe hole
0.42497 pm Area outside

1124 umz
1598 pm2

0 0025 005 0075 041 0425 015 0475 02 0225 025 0275 03 0325
| | | | | I

25 Pulses

035 0375 04 0425 045 0475mm
| I |

25
5

75
10

15 -
175

20
224

25 -

275
pm
Maximum depth

Maximum height

23.42 pm Area of the hale
0.000 mm Area outside

0 0025 008 OOTS 01 0425 045 0475 02 0226 026 0276 03 0325 035 0375 04 0425 045 0476 mm
L 1 M N 1 1 L L P

4400 pmz
0.000 mmz

Musimuen depth
Mizedmum height

B49% pym Area of the hole
1060 um Area sutside

175 Pulses

wm
M mum depth
Masimum haight

66,70 um Area af the hale
1500 um Arva owtiide

1ZXIT penid
B0 pmad

250 Pulses
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D) Underwater, hole depth profiles at 200mJ @ 5 H— 50 Hz (25 250 Pulses

0 0026 005 0075 04 04125 046 0475 02 0225 025 0275 02 0326 035 0375 04 0425 045 0476 mm
1 I I 1 1 N | 1 I I

0.z58

) ) I\
076 ek ___\_’\rj ]\/\/}’

275

um

Maximum depth 2.088 pm Area of the hole 24.19 pm2 25 P 1
haximum height 07993 pm Area outside Q0719 nm2 u ses

0 0025 005 OO7S 041 0425 045 0475 02 0225 025 0275 03 0328 035 0375 04 0435 045 0475 mm
1 1 1 1 N 1 1

025
05 o

075
14

o o \a
145 o =

. 195

275
3 -

o

Masimum depth 1675 um Ares of the hole 3006 pm2 1 00 Pulse s

M M hiok 1.057 um authide 13.74 ym2

0 0025 005 0075 041 0425 045 0475 02 0IF5 025 0275 03 0325 035 0TS 04 0425 085 0475 mm
1 1 | L 1 i 1 L 1

pm

Maximum fepth 2812 pm Ares of the hole TRIZpmE

Maimum height 308G pm Area outside 4704 pmd 175 Pulses

0 0025 005 0075 041 0425 045 0475 02 0225 025 0275 03 0325 035 0375 04 0425 045 0475 mm
1 1 ! 1 1 1 1 1 !

pm

bl aximum depth £.001 pm Area of the hole 2647 pmZ2 250 P 1
M aimum height 02128 pm Area outside 3.536 pm2 u se s
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E) Underwater, hole depth profiles at 300mJ @ 5 H— 50 Hz (25 250 Pulses

0 0025 005 0076 0.1 0426 045 0476 02 0225 02§ 0275 02 023256 0326 0375 04 0425 0495 0475 mm
a 1 I I 1 1 | 1 I I

um

Maximum depth 3113 pm Area of the hale 4254 pm2 25 Pulses

Maximum height 2222 nm Area outside 07562 pm2

0 0025 005 0075 04 0426 045 0475 02 0225 025 0275 02 0225 036 0376 04 0425 045 0475 mm
L 1 L 1 L 1 L | L 1 1 L 1 1

o

]

10 4

pm

Maximum depth Q064 pm Area of the hole 8526 pm2 1 00 P 1
08011 pm Ares outside 4006 pm2 u ses

W aximum height

0 0025 005 0075 01 0125 045 0476 02 0225 025 0275 03 0325 035 0375 04 0425 045 0475 mm
1 1 1 I I 1 !

T L

iy

Maximum depth 15612 pm Arez of the hole A7 pm2

Maximum height 0230 nm Area oulside 0.4570 pm2 1 75 Pulse s

0 0025 005 0075 04 0425 045 0475 02 0226 025 0275 03 0325 035 0375 04 0425 045 0475 mm
1 I 1 1 1 I I

e —— ] —

5 J—v

Maximum depth 5579 pm Area of the hale 2628 pm2 2 5 0 Pulse s

Maximum height 06016 pm Area outside 0.000 mm2
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Fig. 44 shows the relationship between etch rate/pulse and inpgy eian air

micromachining of polyurethane sample:

0.30 w
025
3 . T Air 200 mJ
>
2 020 P
e — —
= — [
5 0.15 [in Air : 150 mJ
= ~
g 0.10 "_g —a— {Un derwater. 300 ml
(&] 7
i \\ [Underwater: 200 m]
0.05 E | ¥ fUnderwater: 150 m]
0.00 O o= ® .
0 50 100 150 200 250 300

Number of Pulses (N)

Figure 44 Relationship between etch rate/pulse (um/pulse) and mier of
pulses (N)

The ablation behavior of polyurethane sample (1 mm) was analyyed b
developing relationship between the etch rate/pulse and the number af putsa Fig.
45, it is seen that for in air sample, the etch rate/pul€el® um/pulse and for under
water sample, etch rate is 0.07 um/pulse. This data is consistlerthe etch rate/pulse
from Masubuchiet. al (2001). The trend for in air sample indicates a constant eteh ra
with increase in the number of pulses, where as in underwater sdrapech rate tends
to decrease with increase in the number of pulses. Also, as evidentilfe surface

profiler micrographs, the underwater ablated area may not ali@etdine of sight for
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the laser beam to reach the bottom of the hole. Furtbeg, the presence of water ¢

dynamics of vaporization effectsay cause thetch rate to decrease over ti

90 [ H
300mJ |
80 /‘/// g
70
60
200m.]

50
40 /

30 S

20 %L,L ¢ k:l 150mJ |
®

10 / T

0 50 100 150 200 25C 300

Ablation Depth (um)

Number of Pulses (N)

Figure 45Laser micromachining in air showsvariation in ablation depth Vs repetition rates

Fig. 45 showsthe variation in ablation depth with the increasenumber o
pulses (25250 pulses at 5Hz to 50Hz) at pulse ene of 150 mJ 20( mJ and 300 mJ.
With 150mJ the curve shows a ste: increase of depth value (=10 pm20 pm) at
repetition rates from 20 Hz to 30 Hz. Aftl75 pulses (at 30 Hzhe curve shows
constant trend which implies increase in depth dussproceed frther and beyond !
pm for 150 mJulse energy. With 2( mJ etch depth data shows a linear increwith
increase in number of pul. The maximum depth of 50m was observed 250 pulses
(50 Hz) at 200mgpulse energy. With 300mJ, the depth trend curvevshen significantly

higher slopeas compared to 1501 and 200mJ curves. High input energy per p
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triggers faster ablation of the specimen under mbrronditions. A maximum depth

85um was observed at 2 pulses (50Hz) for 300mJ per pulse energy.

30
’é\ 25 /,I 300md I
= 20
o
a 15
c
S
IS 10
<
> I i /./T/Q/ 150mJ
0 L ¢
0 50 100 150 200 25C 300

Number of Pulses (N)

Figure 46 Laser micromachining underwater shoving variation in ablation depth with

increase in number of pulses

For underwater micromachining of porethane sample, at 150J pulse energy
with 25-250 pulses (5 60 Hz), no significant ablation is observedb(»m),However the
surface of the specimen is affected duethe bombardment of photons. Frothe
literature, it is notedthat the ablation phenomenon for polyurethane dipem its
primary and secondary structures because the sudhdhe laser induct specimen
shows decomposition of primary structures of patfiane to its secondary structu
due to fast fragmentation but no sign of scatteiearis(Suzuki 1998; Masubuchi 20(.
From Fig. 46 under 150mJ cpulse energy, one of the readon no ablation could b
due to lower repetition rate leaving enough timetiie@ exposed area to cool down bet
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the next pulse arrives at the surface. The range of 150 mioab® Hz provides an
important observation where ablation first starts, as it islgledserved from the optical
images that the ablation if any started first at the ceater proceeded towards the
boundaries as the laser fluence or repetition rates were iesréasch a behavior could
be due to several factors, such as high incident beam an§ldeg@)) heat dissipation to

the surroundings.

At 200mJ at 1 Hz, with merely 5 pulses, significant surfaagnfrentation was
observed. At 200mdt 5 Hz (25 Pulses), the decomposition of surface into primary and
secondary structures started, followed by photochemical meitivch leads to ablation
at the center. The ablation threshold is reached within less thaul€s at 200 mJ/ém
of the pulse energy per pulse. The change in color around HAZ sdimgutihe hole
geometry suggests heating due to photochemical absorption of thenihtaser beam.
Moving towards the center of the hole suggesting surface decomposition into pamdary
secondary structures where primary structure ablates paréiatl forms secondary
structure showing all different structural branches of polyarethpolymer. Maximum
ablation depth was seen to be <12um at (250 pulses) 50 Hz, which sutigsst
surrounding water may acts as a cooling medium and thus preventatdaicbn and

contributes to heat dissipation and absorption.

At 300 mJ at 5 pulses (1Hz), appreciable detachment of surfacarbund the
edges was seen due to ejection of surface elements undefettteo€high input energy
per pulse. At 300 mJ at 25pulses (5Hz), the laser induced decompositisrf@imation

of secondary structures of the polyurethane polymer, as reportatk{3988) , whereas
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the behavior under high input energy is observed to be different when reaimpith
lower input energy per pulse experiments (<200 mJ or 150 mJ). Thid beullue to
rapid heating and presumably generation of a shock wave of highygndsgs striking
the surface and heating it consequently (Suzuki 1998; Masubuchi 2001 forifaion
of molten droplets can be seen on the surface. At 300 mJ at 5 guGeHz), a
maximum depth of 7 um is observed which yields an ablation (e&tk) of 0.14
pm/pulse. At 300 mJ at 75 pulses (15 Hz), a maximum depth of 12 plmeasved which
yields an ablation (etch) rate of 0.16 um/pulse. At 300 mJ at 15@sp(B® Hz), a
maximum depth of 23 um was observed which yields an ablation rate oft @/kilse.
Similarly at 300 mJ at 50 Hz the maximum depth of 25 um was daasielding an
ablation rate of 0.10 um/pulse. This decrease in ablation ratedhitthBome important
factors which interfere with the ablation process of the polymearh @s ejection of
debris, plume generation, and water which enters the ablateduatieer frestricts its
ablation. An increase in heat affected zone (HAZ) area isadiserved consistent with

increase in HAZ diameter measurement.

8.2.2.4 Change in Hole Diameter

From Fig.47, the surface diameter curve trends of all six @aonsiput energies
(150 mJ, 200 mJ and 300 mJ) in air and underwater sample incragiseéscrease in
number of pulses. On the contrary, the bottom hole diameter dexiieasend as the

number of pulses increase, thus a V cross-section of the hole is expected.
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Figure 47 Variation of the diameter of the holes ablated with numbeof pulses at 150 mJ,

200 mJ, and 300 mJ for in air and underwater environments

It is important to relate the diameters of the ablated holgsthe ablation depth
to clearly understand the ablation mechanism. High input energy ser toigigers faster
ablation of the specimen under normal conditions. As seen in Fig.4in, &r samples,
the diameter remains constant with increase in the number adspler underwater
sample, with 150 mJ energy, the diameter of the ablation regiorapplars after 150
pulses which can be termed as incubation period for ablation. With rfunitrease in
number of pulses from 150-250 at 300 mJ the diameter of the ablatiom "Hpw

similar trend as the air samples.
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8.2.2.5 Ablation Mechanism Underwater

For polyurethane (PU) underwater ablation characteristicsr diften in air
ablation in a number of ways based on ablation depth, hole diameterangél and
surface appearance. From optical micrographs, three digtiriats regions are observed
in under water micromachining of the samples; a) Heat Affedene (HAZ), b)

Thermally Damaged Zone (TDZ) and c) Droplet Zone (DR2Z).

Heat Affected Thermally Damaged

Zone (HAZ Zone (HAZ)

Unaffected
Droplet Zone

Surface

(DR2)

Figure 48 Underwater ablation features on polyurethane sample #ited with 250 pulses @

500mJ

Heat Affected Zone (HAZ) shows minor changes in the topography which smplie

an increase in surface temperature due to possible reaction &f matecules with
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polymer during ablation under water. Change in color of the HAZA amplies a
chemical reaction of polymer’'s surface with the water molseculéermally Damaged
Zone (TDZ) shows significant change in the surface roughagssompared to HAZ.
Energy insufficient to ablate the surface due to cooling effetiteofvater gets absorbed
into the surface and forms excessively visible detachment ofutii@ce elements of
polymer. Thus, surface topography gets affected under the infuginbigh incident
energy. Droplet Zone (DRZ) is the central zone during the micchbmiaag process
where the small droplets begin to form as the input energy rettehablation threshold
of the polyurethane (PU) polymer. Ablation in this zone is intermittent andrdiauous.
The diameter of HAZ is observed to be larger than TDZ and DR4|&8iyn the surface

diameter of TDZ is observed to be larger than DRZ.

N = 50 Pulses (constant)

350.00 -IALRETSEIRIE il

__ 300.00
g DGR
3
. 250.00 =0 Thermal
o Damage
+—
e Region
E 200.00
g
% 150.00 R Ablation
©
= 100.00 |
Operational Range
50.00
0.00 - H
0.00 0.10 0.20 0.30 0.40 0.30 0.60

Fluence J/cm?

Figure 49 For underwater micromachining, change in HAZ, TDZ and DRZ diameter of

polyurethane sample
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From Fig.49, following observations are made for all three zones and curgs:tre

- At a fluence of 0.01 J/icmHeat affected zone diameter is measured to be 220 pm,
whereas DRZ do not exist at this point.

- During steps 0.01 J/drto 0.20 J/crh the diameter of HAZ increases linearly with
respect to increase in input energy. During steps 0.05 décth14 J/crfy the DRZ
begins to increase in diameter with its slope remains patalltie slope of TDZ
diameter.

- During steps from 0.14 J/étp 0.24 J/crh a rapid increase in slope and diameter of the
DRZ is observed. The average increase of DRZ diameter asldpis is observed to
be significantly higher as compared to the average increase of diahogiifbr TDZ
and HAZ zones.

- During 0.29 J/cth the diameters of all three different zones remain consialile,
thus can be considered as ablation threshold.

- The energy required for each zone to start its formation isn@zkes HAZ at 0.0
1J/cnf for 220pum, TDZ at 0.05 J/cnfor 40pm and DRZ at 0.14 J/érfor 50pm.

The ablation of the specimen was observed after a fluence of 0.25 J/cm

Although all three zones play an important role in ablation of polyanet in
underwater micromachining, ablation starts only when droplet zone )(BR#brmed
under a given set of input parameters, e.g. Ablation>E = 200 mJ, zHz, Pulses =
50. The consistency of results for diameters of different zonesalized by comparing
data to similar experiments. With a constant well defined aserén input energy (10 mJ

per step) in the experiment the rate change of diameterdbrtleeee zones (HAZ, TDZ,
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DRZ) changes independently to each other. HAZ diameter was obsenee having
minimum rate of change (<45um) for each consecutive step in exguegrimTDZ
diameter was observed to be showing maximum change (>85um) in eliadnghg the
incubation period for DRZ. The droplet zone (DRZ) diameter was obd¢ovbe having
significantly higher change as compared to HAZ but lies iwéet HAZ and TDZ. The
overall trend for diameter change stabilizes as the input emengymeter is increased

beyond 300mJ.
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8.3 Effect of Taper Angle on Ablation

Another important part of the research was to investigate tbet eff taper angle
on the ablation behavior of polyurethane samples and establish andigi of taper
angle behavior and ablation depth. The hole diameter at the surfdagiameter at the
bottom of the hole and the depth of the holes using focus variatidmdesing an
optical microscope are used to calculate the taper angle. Figx@@ins various
components included in the calculations for taper angle while asgumeiam incident

angle to be a right angle:

Required Input:
-Value of x
- Value of R1
- Value of R2

Calculations for:

-Value of y
=Value of h
-Value of a
=Value of b
-Value of 8
- Value of o

Figure 50 A illustration of the hole geometry cross section foratculating taper angle for

hole walls
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Equations (8.1 to 8.8) provide the formula for the calculation of tapele dog

underwater and in air micromachining of polyurethane samples:

Theoretical Y = % , Theoreticalh=X+Y (8.1)
Theoretical a = VY2 + R22 (8.2)
a+b=J(X+Y)2+R12 , b=(a+b)—a (8.3)
¥ = Cos™1 ( (a’fb)) x (22 (8.4)

side angle (w) = 180 — (2 X y), (8.5)

Cone Angle 6 = (” ZRZ) X (%) (8.6)

Taper Angle (a) = 2 (8.7)

2

Volume Removed (v) = ((R1%) + (R1 x R2) + (R2)?) X (n X h X (%))

(8.8)

NOTE: Using above equations it is possible to calculate fher tangel fomon-through

holes.

It is important to note here that all the ablated holes weréhrmigh holes since

it would require longer exposure time and higher input energies toahiweugh hole.
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Longer exposure times for polyurethane cause excessive hedtaffmnes and very
poor edge geometry. Also, due to the nature of the polyurethane (PU)epplym
becomes difficult to obtain cross sectional measurement of alilateddepth profile.
Thus, the equations employed to calculate the taper angle, volunmalerdepth,
surface and bottom diameters give very useful information aboutabfatenomenon of
polyurethane (PU) polymer. Figs 51-54 show the plots of the tagérsavariation in air

and underwater ablation at pulse energies of 150 mJ, 200mJ, and 300 mJ:

100
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Figure 51 Variation of taper angle with repetition rates for 150mJ pulse energy for in air

and underwater
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Figure 52 Variation of taper angle with repetition rates for 200 nd pulse energy for in air
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Figure 53 Variation of taper angle with repetition rates for 300mJ pulse energy for in air

and underwater
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From Figs. 51 to 54, high taper ®@ngles are obtained at lower input energy
(150 mJ) with low repetition rates (25 pulses or 5 Hz) wherealtketion depth is found
to be < 2um. A maximum depth of 105 pum is reported when input piETere
increased to 300 mJ at 250 pulses (50 Hz). Larger heat affectedtzaig is also

observed at these high input parameters.

100.0
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70.0
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Taper Angle(a)
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10.0
0.0
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Number of Pulses (N)

=¢=|n Air 150mJ == |n Air 200mJ ==e=|n Air 300mJ
=>e=Underwater 150m3=#=Underwater 200m3=®=Underwater 300mJ

Figure 54 Taper angle comparisons between in air and underwater ablath with increase in

number of pulses

Lower taper angles were observed when high input energy (30 nsid with
higher repetition rates (250 pulses or 50 Hz) which imply rapidiablaf polyurethane

specimen. The edge geometry of the hole was observed to be toappearance while
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working at such high input parameters. However, while using 300 mJ giulsss (30
Hz) as input parameters the edge geometry is observed to lvathness appearance of
HAZ. At 300 mJat 150 pulses (30 Hz), the taper angle was found to bewti€reas the
lower taper angle observed is 238 300 mJ/cfhat 250 pulses (50 Hz). In accordance
with previous results, a high taper angle of *ig5observed at 300 mJ at 25 pulses (5
Hz), the taper angle is observed to be increasing. The maximum atefbtis point is
observed to be 5um. Lowest taper angle of ~54s3dbserved at 50 mJ at 250 pulses (50

Hz), the maximum depth at this point is observed to be 30 um.

Above observations highlight an important fact that the input energympten
should be given priority over repetition rates if maximum depthb iset achieved. This
observation along with previous test suggests maximum ablation pgldaes only with
low taper angles coupled with high input energies and low repetdies.rWhen both
ranges were plotted against each other the curves intersecoatmon point, the axis
values for this were calculated to find the optimal operational jpgatmeters as : Taper
Angle = ~60(deg.) @ E= 255 mJ @ HZ = 25 Hz. Employing above input parameters
results in fine edge geometry, minimized heat affected zonenasomum depth values.
Furthermore, it helps in prediction of maximum depth, volume removaimajat/minor

diameters without hurting the geometry of the pattern profile.

8.3.1 Results and Discussion

Following important conclusion are made to compare in air ablatisusemderwater

ablation of polyurethane samples:
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- For in air ablation process of polyurethane only the bottom diarottbe hole
always decreases with increase in repetition rates or fludiee suggests a tapered
cross-sectional profile of the hole geometry.

- For underwater ablation of polyurethane specimen, when input ensrgy i
increased beyond 300mJ, the droplet zone diameter decreases whichramipgly
ablation or vaporization of the surface.

- For both in air and underwater ablation process of polyurethane spetia
HAZ, TDZ and DRZ diameters tends to increase as the repetatieAnput energy was
increased.

- High taper angles were estimated for underwater micromag when the input
energy was kept below 150mJ, but much lower taper angles wenatest in case of in
air micromachining. Upon increase of input energy to 300mJ, the waider taper
angles remained higher than in air.

- Maximum ablation depths and lowest taper angles were observed tivbe
specimens were micro-machined in air.

- No through holes where observed in both in air and underwater spedoets

high thickness of the sample (1 mm).

An attempt was made to produce a through hole, However this ladgt heat
affected zones for both in air and underwater specimens but inrgtesahowed higher
ablation depth. For underwater specimen, the resistance to ablatiarge#lAZ due to
the presence of water is observed as a dominant reason dtimgesopography and

minor ablation depth. For underwater specimens, the diameter oédlblate is very
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small (120um) as compared to in air specimen where diametebserved to be
(300pm). However, unlike in air specimens, the thermally damagedfaonaderwater
specimens showed high surface roughness values. High opticalficeiggm showed
entrapment of ejected decomposition products due to the interactfmuised excimer

laser irradiation leading to ablative photo-decomposition.

8.4 Two-dimensional (2D) Pattern Generation

After determination of input parameters, mask size, step tezel, tail and
fluence, for achieving best suitable ablation rates and surfacectdvstics, the
approach for achieving a 2D pattern is pursued for polyurethatiecampared with
similar polymer samples. The laser micromachining and pattewifirthe polymers is
fairly complex due to its dependence over several factors suahsasption coefficient,
reflectivity of specimen, environment, beam focal point, ablation cteistics of the
polymers etc. Substrates are chosen as polyurethane (PU) and rpsitygees. While the
incident laser beam location is fixed, the workpiece is moved atiogl to laser beam
spot using PSO/G codes, the method of line machining was used to saoyse
workpiece from point A to point B, however no Z-axis movement waszedili
Observations are made for seam quality, seam thickness, ablati¢n) ket affected
zone and debris formation. Thus a preliminary test is conductedd®tit suitable feed
() parameters required for high quality micromachining. Followopgcal images show

the effect of changing feed rates and step size differences on a sampbgesubs
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"= 2 umipulse f= 1um/pulse

Figure 55 Effect of feed rate (um/pulse) on seam quality
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From this preliminary test and based on the optical micrographs shdwig 55,
formation of ripple like structures is found due to large intervaléen pulses and feed
rates, However, the ripple structures disappear upon increasimgpiut energy. For feed
rates above 90 um/pulse, the seam quality is rather poor and detgenisround the
edges of the seam. Similar debris splashes are observed at 80, 70, 60,a5d, 20
pm/pulse. For feed rates above 50 um/pulse, the seam quality rgesbse be poor as
compared to shorter feed rates, e.g. S5Sum/pulse or 10 um/pulse. Howeveheat
affected zone is greatly reduced. For feed rates below 5 pmuimlpulse, the seam
guality is observed to be improved but heat affected zone is alsasedtethis can be
due to the heat coming from ejected decomposition products and or aweetbknown

“Fresnel Effect” while laser beam passes through the mask.

8.4.1 Effect of Mask Size

Scaling of the pattern can be employed to reduce the actuadlpfsihe pattern to
its 50%, 25%, 15% or 5% of the original size. For scaling of therpatiee mask size
used in laser optics should also decrease consistently witmfsgeeeduction in pattern
size. Different mask sizes can be utilized to form smadfliekihess seams provided that
correct step distance is utilized. Smaller mask sizes eegigher input energies to gain
the desired ablation depth. Seam quality is greatly increasedthdstep size is reduced
in combination with increased repetition rates. Seam quality camgreved using low
input energy with high repetition rates, However, due to limitatafn:maximum input
parameters as 500 mJ at 50 Hz, the micromachining is mostlyatlaneund 300-400 mJ

at 30-50 Hz. Selection of feed rate also plays an importanirradeam quality; feed
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rates from 1 pm to 100 pm/pulse are used to find the best cpaality and acceptable
performance with other input parameters. A sample pattern smokig.i58 is etched on
to the surface of the polyurethane specimen using a partimdak size (555um,
1152um) at constant input energy (250 mJ) and repetition rate (23kth)1152 pm

mask size, the width or thickness of the seam was observed to ben2albpg with 42

pm of heat affected zone. No cracking/distortion is observed &dipes. Seam quality
greatly improves if small step size distance is used; at roanters the transition was
smooth with no sign of splashed debris. Fig 57 shows a surfacegmaiph of the sample

electric pattern shown in Fig. 56.

CAD Model

Figure 56 Electric microcircuit pattern made using CimCAD software, ablated pattern at
E=250mJ, A-B) Optical microscope focus at surface of the seam, and attiom of the seam
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Figure 57 3D view, Top view of a sample pattern and line profile of ardge
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At the center of the seam, after ablation, melting is observed in the formltgn
droplets of polyurethane which suggests ejection of decomposition produoited or
redeposited after ablation. Due to the nature of line micromachitiiegiormation of
ripple like structure are observed on thin (0.01 mm) polymers saniplesshape of the
ripples at the center of the seam clearly states thetidmeaf the laser micromachining.
The molten droplets of decomposition products exhibits two distinct igeesified by
their diameters; mainly small and large. Small droplets arerebd around the edges of
the seam having diameter of 4-10 um, whereas the large dropletsteoitgishown
diameters in the range of 36-40 um are found at the centbe (dfeam. Due to pulsed
heating of the substrate the laser beam creates a unifornemglerature gradient along
its path. This temperature gradient guides the molten debris frges ef the seam to the
center, which could be the reason of larger diameter of dropléts eénter as compared
to the edges of the seam. The melting pool at the center aedme could be due to
ejected debris or decomposition products redeposited back onto the soirftoe
substrate. Therefore, most of the heat from ejected debris might gmbathkea substrate
thus causing thermal damage to the surface as seen in the iopéigas. The formation
of the molten droplets after ablation is also due to shorter seeglisiance and/or shorter
feed rate along with high fluence. The further experiments in ctimaifar polymer
substrates (PET, PMMA) proved to be useful in elimination of malteplets of matter.
Thus, for every kind of polymer, a careful determination for suitagle of input
parameters is required before achieving the best seam qualitphuaptablation depth

and lower heat affected zones.
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8.4.2 Ablation Mechanism in Etched Patter

Figure 58 A sample electronic microcircuit pattern

In order to further investigate the nature of lamicromachining nature ¢
polyurethane substrate, both in air and underwateromachning was performed for
2D sample electronic microcircuit pattern shownFig 58 In this experiment, tw
different types of mask sizes (1. um and 455 m) are used 1 perform 2D
micromachining for both in air and underwater otyprethane (PU) sample. The alc
with the original pattern, the pattern is also edalo 25% to observe changes in st
quality, heat affected zone, ablation depth, ddfee in underwater nd in air
micromachining. From previous experimental obsiova, the best input parameters
determined and useidr both experiments as = 250 mJ, Hz =25 Hz, feed rate=
pm/pulse. For underwater micromachining the coetiis filled with 20ml watr and

polymer sample was fully submerged under water. [&ker beam diameter is obsen
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to be 76.5um, the laser irradiated area rise up and the degrpattern of electron

microcircuit was obtained with a uniform ablatiogpth of ~80un

Figure 59 At 20x, Seam quality observed under “in air” enviraament for polyurethane

substrate

Figure 60 At 20x, Seam quality submerged “under water” envirmment for polyurethane
substrate
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From Figs. 59-6, the 2D pattern micromachining phenomenon for both aut
underwater was found out to be distinctively déferr from each other. The sam
micro-machined using laser in air demonstrated sharp sedge compared to tl
specimen micranachined underwater witrame set of input parameters. High se
quality with very low heat affected zone is obserwhen performing mic-machining
in air as compared to underwater. For in air emrrent, no debris is observed alc
edges of the seam, however for underwateromachining theblation b-products are
observed to be entrapped inside the seam. A unifabbhation depth of ~¢ pm is
observed throughout the laser irradiated area #or air' substrate, however fi
underwater substrate the ablation depth is less +5 um. It suggests that the inp
energy is not enough to break down bonding for undater substrate therefore t
above figure for underwater suggests incubatioaceff Also for underwater specime
no signs of molten pool at the center are obsedue to cooling effect of the wat

which rapidly cools down any debris or ejected degosition products after ablati.

Figure 61For in air ablation a) Focus at top surface of theseam b) Focus at bottom surfac
of the seam
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In Fig. 61, the ablation mechanism of the in air specimen providierese of a
molten pool at the bottom of the seam clearly visible in variegndll to large diameter
droplets. This imply that the fluence is not enough to completelyeathlatpolymer but
powerful enough to create a molten pool of droplets; which implies thetmal mode
of ablation. The numbers of molten droplets at the center of tha bea found to be
much lesser as compared to the droplets on the edges of the seam botUhary
difference is observed due to the variation in the diametéreofifoplets at the center as
compared to the edges. This also implies that smaller droplédie @dges converge at
the center to form the larger diameter droplets of molten decatnopoisi-products as a
result of the ablation. Sharp edges and corners are observed throughoetched

pattern.
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8.5 Micromachining of a Gear Pattern

8.5.1 Scaling Effect of Mask Diameter

A sample gear pattern shown in Fig. 62 was ablated on two differaeriais,
namely, polyurethane (1 mm thick) and PET polymer sheet (0.lruk) tin air. The

results of these experiments are given in the following sections.

Figure 62 A sample gear pattern of having an outer diameter of 2.4mm
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Table 9 Experiments for a sample gear patter

" . Mask AUEL
Test Energ); Repetition Sample Thickness Dia. Scale P_attern
No. | (mJ/cm) | Rate (Hz) Material (mm) Diameter
(um) (mm)
1 250 20 Polyurethane 1 1152 | 100% | 2.4mm
2 250 20 Polyurethans 1 555 50% | 1.2mm
3 250 20 PET 0.1 1152 | 100% | 2.4mm
4 250 20 PET 0.1 555 50% | 1.2mm
5 250 20 PET 0.1 300 25% | 0.6mm
6 250 20 PET 0.1 180 15% | 0.36mm

Test 4 Test 5 Test ¢

Figure 63 Different samples etched with scale variation and aterial for the design of the
gear pattern after laser etching
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Figure 64 For test 1; 3D surface profile for a gear etched with ask size of 1152um on

polyurethane sample (Lmm thickness) having 2.4mm diameter

Figure65 For test 2; 3D surface profile of a gear etched with mask sip&555um on

polyurethane sample (Lmm thickness) having 1.2mm diameter
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Figure66for test 3; 3D surface profile for a gear etched wvtih mask size of 1152um oPET

sample (0..mm thickness) having 2.4mm diameter

Figure 67 For test 4; 3D surface profile for a gear etched wh mask size of 555um oPET

polymer sample (0..mm thickness) having 1.2mm diamete
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8.5.1.1 Results and Discussion

The time required for each pattern to be created varied upaeghgtion rates, lead,
tail and step size distance entered into the program. The to®lfor each pattern is
observed to be decreasing proportionally to its intended scale andfoetdr value

required.

For test 1, using 1152um mask diameter the maximum ablation depibes/ed to
be ~100 um under air environment with final gear pattern outer thamietained as 2.4
mm. Sharpe edges of gear teeth were also observed. The spevateral used is

polyurethane sheet of 10 x10 mm dimensions with 1 mm thickness.

For test 2, using 555um mask diameter the maximum ablation depteivet to be
55um under air environment with final gear pattern scaled at 5@%daginal size. The
final diameter of the gear pattern is observed to be 1.2 mm. Shagingsar teeth is
decreased due to scaling and unchanged input energy and repletgnT et specimen

material used is polyurethane sheet of 10x10mm with 1 mm thickness.

For test 3, using the mask diameter of 1152 pm the maximum abtth of
~85um is observed under air excimer laser micromachining pro&esall cracks
alongside the edges of the gear teeth are observed due teegition rates used during
shortest feed rate. The final diameter of the gear patterbsisrved to be 2.4 mm. The

specimen material used is PET polymer sheets of 10 x 10 mm area at 0.1 mmghicknes
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For test 4, the mask diameter of 555 um is used to obtain thetohed gear pattern
diameter of 1.2 mm with maximum ablation depth of 30 um under airosment.
Sharpe edges are not observed along with the edges; the edigeiguaery poor as
compared to test 3. A scaling factor of 50% is used on 10 x 10mnp#@&lgmer sheet of

0.1 mm thickness.

For test 5, the mask diameter of 300 um is used to obtain thefohed gear pattern
diameter of 0.6 mm with maximum ablation depth of 10 um undemnsiraament. The
edges of the pattern showed debris all around the gear pattern wviithialisand no
sharp edges. A scaling factor of 25% is used on 10 x 10 mm PEmhgosheet of 0.1

mm thickness.

For test 6, the mask size of 180 um is used to obtain the fiedetyear pattern
diameter of 0.36 mm with no ablation depth. The mask diameter and inpgy @nemot
able to ablate any significant amount of material but managedrifee the surface. A

scaling factor of 15% is used on 10 x 10 mm PET polymer sheet of 0.1 mm thickness.
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8.5.2 Effect of Mask Diameter on Seam Quality

The Figs. 68 to 71 shows 3D surface mapping scans highlightingatfgiatures about

seam quality for recently etched gear pattern

-100
T T T T T T T T T T T T T
o 005 0.1 015 0z 025 0z 0325 0.4 0.45 05 055 1R:] 085 mm
bl aximum depth 9033 pm Area of the hale 13517 pm2
hdaximum height 1220 pm Area outside 9.162 pm2

Figure 68 For test 1; 3D surface profile for a gear etched along witline profile at running
seam for polyurethane sample (1 mm thickness) etched gear(2.4mm diaij}h mask size of

1152pum
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Maximum depth 1767 pm Area of the hole Q003 pm2
Maximum height 2711 nm Area outside 0.000 mmz

Figure 69 For test 2; 3D surface profile for a gear etched along wtline profile at running
seam for polyurethane sample (1 mm thickness) etched gear(1.2mm Jaith mask size of

555um
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Figure 70 For test 3; 3D surface profile for a gear etched along vtine profile at running
seam forPET polymer sample (0.1 mm thickness) etched gear(2.4mm dia.) with maskesiz

of 1152um
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Figure 71 For test 4; 3D surface profile for a gear etched along wvtine profile at running
seam forPET polymer sample (0.1 mm thickness) etched gear(1.2mm dia.) with maskesiz

of 555um
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The Fig. 72 to 7&8howsoptical images highlighting critical features abseam quality

for recently etched gear patte

Figure 72 For test no. 1, Seam/Edge quality of gear pattern)docus at top surface

b) Focus at bottom surface
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Figure 74 For test no. 3, Seam/Edge quality of gear pattern)at 20x focus on top surface b
At 50x
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At 20x

Figure 76 For test no. 5, Seam/Edge quality of gear pattern)aAt 100x focus on top surfact
b) At 50x
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Figure 77 For test no. 16, at 20x Seam/Edge quality at the center of a) Tiek, b) Test 2, ¢

Test 3, d) Test4, e) Test 5, f) Test 6

8.5.2.1 Results and Discussit

For test 1, the seam quality is observed to be Wigih uniform heat affected zot
throughout theetched pattern as shown iig. 72a). The resulting surface topograr
from this test is consistent with previous sampliesolyurethane used for pattern etch
using excimer laser. Inigz 72b), the optical focus is shifted to the bottomface of tle
seam which is located at the depth of um from surface. Similar to the previc
observations, the large bubble shaped droplets a@fem decomposition products ¢
observed at the center of the seam. The size aitiieen droplets decreased as mo

from center to the closest edge/arc of the st
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For test 2, in Fig. 73 the seam quality is observed to be relatpady as
compared to the test 1 where 1152 um mask diameter is used. 3twe f@athis change
in seam quality is due to smaller mask diameter used witle $luence as test 1. The
maximum ablation depth is also affected due to change in masktdrarfiee width of
the seam is observed to decrease by decreasing the maskediafitet ablation
phenomenon in this polyurethane specimen under air is consistent withatesre small
droplets are observed at the edge but the size of molten dropletseiased by moving

away from center and towards the edges.

For test 3, in Fig. 74, the thickness of specimen (polystyrene sieetanged to
0.1 mm which showed very high quality of seam with clearly vidildat affected zone
along the seam. Sharp edges are observed in this pattern withdesial buildup on the
edges. In this case the ablation phenomenon is different from thegiblme specimen
as no molten decomposition products were observed in the shape of sntalh mol

droplets around the edges or center of the seam.

For test 4, the (PET polymer) sample with 0.1mm thickness showed poor
edge/seam quality as compared to test 3 due to smaller masételiaof 555um is used
without any change in fluence. The final gear pattern dianoétér2mm is observed
with medium amount of debris splashed around the edges of the setimdédfieasing
the mask diameter the heat affected zone thickness also unifoilechgases with

significant decrease in ablation depth.
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For test 5, the polymer (PET polymer) sample with 0.1 mm thisksaswed
poor seam quality due to greater reduction in mask diameter to 30(harsigns of
splashed debris are observed around the edges of the seam anctltieglohthe edges
is observed. The final diameter of the sample pattern is dgb¢o be 0.6 mm with
maximum ablation depth of 10 um. From tests 1-6, the Fig. 77 sh@asenter of the

gear pattern’s quality in comparison to each test.
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8.6 MEMS Pattern Designs

Following are some similar pattern designs for MEMS deviced/zedh using surface

mapping apparatus:

um Length = 4000 mm Pt=917%3 pm Scale=31.78 pm 5:

.................................................................................................................................

Figure 78 3D surface profile for a micro-switch contact with toleance of £10um material is

302S25 stainless steel (Precision 2011)

Fig. 78 shows a miniaturized medical switch contact lead fiaméich the line
profile shows a maximum depth of ~76um. The sample is prepared usinghmdmical

machining (PCM) process (Precision 2011).
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Figure 79 3D surface profile for a fine etched mesh having 30 holesh? sample thickness of

0.05mm material is 304S15 stainless steel (Precision 2011)

Fig. 79 shows a 3D view and line profile using surface profilometea fife
etched mesh for filtration or medical applications. From the shoma djraph, a

maximum depth of ~60um is obtained.
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um Length =2.000 mm Pt=135.1 pm Scale = 2000 pm
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Figure 80 3D surface profile for a microfluidic channels devicel®wing specific depth

etching with sample thickness of 0.38mm using 302525 stainless Istee

Fig. 80 shows the 3D view and surface profile of an laser etchedflaidic
device that can used for making fluid mixing areas on a MEMXe€evVihe line profile

using surface profilometer shows a maximum etch depth of 125 pm.
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um Length=2.000 mm Pt=75.49 pm Scale=1000 pm 5:

..................................................................................................................................

Figure 81 3D surface profile for a micro fuel cell using etched lkxagonal holes with sample

thickness of 0.25mm and material is 316S11 stainless steel

Fig. 81 shows a 3D view of a micro-fuel cell channel with heragholes etched
using laser for cost reduction purposes. The line profile from@geofilometer shows

a maximum ablation depth of ~75 pum.
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Figure 82 3D surface profile for micro-contact of a battery with ample thickness 0.20mm

and material is 17-7 stainless steel

Fig. 82 shows a 3D view of an aerospace battery contact sersetitable for low
cost and high reliability of operation during its service life. Tihe profile shown in Fig.

82 from surface profilometer shows a maximum etch depth of ~75um.
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CHAPTER IX

SUMMARY AND CONCLUSION

The objective of this research is to understand basic ablation m&ohiavolved
in the excimer laser micromachining of polyurethane (PU) petyfolyurethane (PU) is
a thermoplastic polymer which exhibits a complex ablation phenomenon difféeent
environments; For air the instant ablation starts immediately tduéow ablation
threshold of polyurethane, it increases as the fluence is sette@hereas in underwater
micromachining, the ablation rate decreases with increastuence. The ablation
mechanism of polyurethane involves various changes in the topography aack surf
morphology; such as chemical bi-products and heat affected zone).(HR&mM the
literature and based on current experiments, it is confirmedstitdt kind of ablation
behavior of polyurethane is due to a combination of photo-thermal and phota@ahem

absorption phenomenon.

Under laser induced micromachining in air and underwater, polyurelfase

polymer shows the following important ablation behavior:
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- Low ablation threshold due to high ablation rates even at low repetdtes.

Input parameters vary depending upon type of surrounding environment, e.g. air, water.

- For underwater environment, a large heat affected zone (ldAd)thermally
damaged surface surrounding the ablation zone is observed. For ablasiamt,tdhe

surface of the polymer should be exposed to a minimum laser fluehee ofa>0.25

Jicnf.

- In underwater micromachining, ablation mechanism leads by famaf three
zones; Heat Affected Zone (HAZ), Thermally Damaged Zone (T&#l Droplet Zone
(DRZ). Each zone is identified by its topography and appearaneat dffected zone
(HAZ) display vibrant grey color in appearance due to localizedirgeadf the
surrounding edges of the ablated hole. Thermally damaged zone (T¥§pBydi surface
splitting and surface detachment due to rapid increase in telmger@nally, the droplet
zone (DRZ) formed (after TDZ) to carry out the ablation proeggesears to be dark in
color. The change in color around HAZ surrounding the hole geometry ssifpgasing

due to photochemical absorption of the incident laser beam.

- In air, taper angle calculations enable clear understandingheofablation
mechanism for different operating conditions. It could be consideradjasd measure
of quality for cross-sectional hole profile and material’s mimrachinability. Higher
taper angles were observed with lower fluence and vice versaelafion of input

parameters with edge geometry, minimized HAZ and maximunti@bldepth can be
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developed with the help of taper angle calculations which alfovesedge geometry,

minimized HAZ and very little debris formation/splashes on the periphery.

- Maximum ablation depths and lowest taper angles were observed tvae
specimens were micro-machined in air. No through holes were obtaibeth in air and
underwater due to limitations of laser equipment and thickness afrptitgane sample

(Imm).

- For 2D/3D pattern making using an excimer laser, faggland its effect on seam
quality was determined for optimum operating parameters. Edfaetiask size on seam
guality showed that smaller mask sizes require higher input eseixgigain the desired
ablation depth. Seam quality can be greatly improved when the rédefstep size

distance was reduced in combination with increase in the repetdétes. Seam quality

can be improved further using low input energy with high repetition rates.

- At the center of the seam, extensive melting was observerkladter ablation in

the form of molten droplets of polyurethane which suggests dominance oftpbottal

mode of ablation. Due to pulse heating of the substrate, the |lasardoeates a uniform
high temperature gradient along its path. This temperature gradients to guide the
molten debris from edges of the seam to the center, whichbmdlye reason of larger
diameter droplets at the center as compared to the edges sédm. The formation of
the molten droplets before and after ablation is observed due to deederate along

with high fluence.
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- Almost any kind of 2D pattern can be etched using CimCAD™ BS¢»des
generation, while scaling of pattern to any percentage reduictisize can be made
possible by using smaller proportional mask size diameters. Thiklvkelp in realizing

complex micromachining requirement for MEMS devices.

9.1 Future Scope of work

In order to further strengthen the observations, more focused appoveatus
ablation process and its control for polymers and non-polymers is sedig&airface
profilometer, MicroXAM and SEM technologies can be utilized toizeah clearer
understanding for the ablation mechanism of polymers. For 3D patteramaichining,
the prototypes of the new micro-device designs with embedded ser@oibe micro-

machined after determining the optimum input parameters.

In this research study, a KrF excimer laser (248nm) was tgseavestigate
material removal and ablation process for polyurethane (PU) polyfor future
investigations, the research work can be extended to realize vamuissof complex

pattern geometries with different kinds of polymer or composite materials
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