Lt # SR () ¢

/00 1 1 02298802444
, 7 8 9 D 6 / 7.:
/00 1 1 8<1 1=0



Applications of Femtosecond Laser Ablation

of Metals to Microprocessing

SRMDT T A MDL—Y—F T —2 3 Y OBMMIAOGH

Tomokazu Sano

=% =—



Doctoral Dissertation

Applications of Femtosecond Laser Ablation

of Metals to Microprocessing

SBRO7xAMYLV—Y—-T TV -2 3 ORBBMIDISH

Tomokazu Sano

=¥ =

Osaka University
- Graduate School of Engineering
KIRKZEXRER ITEHARE

2003



Abstract

In this study, the femtosecond laser ablation of metals is applied to three kinds of
microprocessing; laser direct writing of micro metal patterns in Chapter 2, fabrication of
microspike arrays for the micro field emitter utilizing the optical diffraction through the contact
mask opening in Chapter 3, and the quenching of the high pressure phase of iron using the
femtosecond laser driven shock wave in Chapter 4. In Chapter 2, advantages of the femtosecond
laser induced forward transfer of thin metal films are shown compared to the case for the
excimer laser. In Chapter 3, the micro removal processing which can not be achieved without
using the femtosecond laser is realized. In Chapter 4, a new method that the femtosecond laser
is used as the shock wave driver is tried to quench the high pressure phase of iron, which is
impossible using the conventional shock compression method. Contents described in this
dissertation are summarized as follows.

| In Chapter 2, laser induced forward transfers of thin metal films using a single pulse of
the excimer laser (wavelength: 248 nm, pulse width: 30 ns) with the flat-top profile of the laser
intensity (Excimer-LIFT) and the femtosecond laser (wavelength: 800 nm, pulse width: 120 fs)
with the Gaussian profile (Fs-LIFT) are described. The purpose is to achieve the high-resolution
deposition of micropatterns. The different point between the Excimer-LIFT and the Fs-LIFT
processes is the absorption of the laser energy from the laser induced plume. For the
Excimer-LIFT, the ablation occurs during the laser pulse and the laser induced plume is
generated. The plume is heated by absorbing the latter part of the laser pulse. The scatter of
microparticles expands as a result of the growth of the plume due to the evaporation of the
deposited pattern. For the Fs-LIFT, on the other hand, the growth of the plume depends only on
the fluence because the ablation occurs after the whole laser pulse and the laser energy is not
absorbed by the plume. Therefore, the scatter of microparticles is prevented. Scatter of droplets
depends on the melted area outside the laser irradiated region in the thin film for the
Excimer-LIFT and the difference of the laser intensity in the laser beam for the Fs-LIFT. The
Fs-LIFT is a powerful tool to achieve the high-resolution micropatterning of metals when the
thin film does not contact with the acceptor substrate.

In Chapter 3, microspike arrays are fabricated by irradiating the femtosecond laser on
the tungsten surface through the mask opening in air with the aim of fabricating the micro field
emitter for the field emission display using only the femtosecond laser. Natural logarithm of the

calculated intensity distributions diffracted at the edge of the mask opening is qualitatively



consistent with the experimental results of the shape and arrays of microspikes. The ability of
the field emission of microspike arrays is evaluated. This method can be a powerful tool to
fabricate the field emitter eco-friendlily.

In Chapter 4, the high pressure phase of iron is quenched using the shock wave driven
by the femtosecond laser ablation of iron. Temperatures inside and behind the shock front as
functions of the pressure and the volume are calculated using thermodynamic theory because
the phase transition occurs inside the shock front. Correct values of the constant-volume
specific heat Cyy and the Griineisen parameter y on the Hugoniot are required to calculate the
temperatures inside and behind the shock front correctly. Therefore, these values are evaluated
combining the Walsh-Christian equation with the Mie-Griineisen equation. The reason for the
quenching of the ¢ and y phases may be due to the incomplete hcp — bee and fec — bee
transitions because the rise time of the shock release wave may be similar to that of the shock
compression wave. Though the mechanism of the quenching is not clear, this mechanism can be
applied to other materials. Therefore, high pressure phases which are impossible to quench
using conventional methods can be realized using this method. This method can pioneer new
scientific and industrial fields which produce new materials of high pressure phase.

Originalities and advantages of applications of the femtosecond laser ablation of metals
to microprocessing, which have not been investigated actively, are described in this dissertation.
The author hopes that this dissertation will be a trigger to diffuse the femtosecond laser ablation

of metals into the industrial market and to stimulate scientific researchers of the related fields.

ii



Acknowledgements

The author compiles his studies which have been performed since he was appointed
Assistant Professor of Miyamoto laboratory, Department of Manufacturing Science, Graduate

School of Engineering, Osaka University in 1999 into this dissertation.

The author wishes to thank Prof. Isamu Miyamoto of Department of Manufacturing
Science, Graduate School of Engineering, Osaka University for his great guidance of this
dissertation. The author is also deeply grateful to him for preparation of research environment.
The author is deeply thankful to Prof. Kojiro F. Kobayashi of Department of Manufacturing
Science, Graduate School of Engineering, Osaka University for his helpful discussions on rapid
quenching of metals. The author wishes to thank Dean, Graduate School of Engineering, Osaka
University, Prof. Yukichi Umakoshi of Department of Materials Science and Engineering,
Graduate School of Engineering, Osaka University for his helpful discussions on phase
transitions in metals. The author gives his thanks to Prof. Kazuo A. Tanaka of Institute of Laser
Engineering, Osaka University and Department of Electronic, Information Systems and Energy
Engineering, Graduate School of Engineering, Osaka University for his helpful discussions on

the laser ablation of metals.

The author is deeply thankful to Prof. Ari Ide-Ektessabi of International Innovation
Center, Kyoto University for his various advices since the author was a student. The author is
also grateful to him for measurements using AFM, Synchrotron X-ray fluorescence
measurement, and RBS analysis. The author wishes to thank Professor emeritus Yukio Sano of

Kobe University of Mercantile Marine for his guidance of shock physics in solids.

The author wishes to thank Associate Professor Etuji Ohmura of Department of
Manufacturing Science, Graduate School of Engineering, Osaka University for helpful
discussions and advices. The author wishes to thank Associate Professor Yasuhito Gotoh of
Department of Electronic Science and Engineering, Graduate School of Engineering, Kyoto
University for helpful advices since the author was a student. The author is deeply grateful to
Associate Professor Yoshinori Hirata of Department of Adaptive Machine Systems, Graduate
School of Engineering, Osaka University for the measurement of the field emission current. The

author is deeply thankful to Assistant Professor Hiroaki Mori of Department of Manufacturing

iii



Science, Graduate School of Engineering, Osaka University for measurements using EBSP and
TEM. The quenched e-iron would not be observed without his cooperation. The author is deeply
grateful to Assistant Professor Kouji Yoshida of Quantum Science and Engineering Center,
Graduate School of Engineering, Kyoto University for his helpful advices since the author was a
student and RBS measurements. The author wishes to thank Dr. Osami Sakata of Japan
Synchrotron Radiation Research Institute/ SPring-8 for his cooperation to perform synchrotron
X-ray diffraction measurement at the beamline BL13XU, SPring-8. The author wishes to thank
Dr. Yuji Kawakami of Niihama Research Laboratories, Sumitomo Metal Mining Co., Ltd. and
Dr. Eiichi Ozawa of Nanotechnology Researchers Network Center of Japan for helpful
discussions and providing a vacuum chamber and vacuum pumps. The author is deeply grateful
to Dr. Dario Alf¢ of Department of Geological Sciences and Department of Physics and
Astronomy, University College London, UK for helpful discussions on properties of iron under
shock compression. The author is grateful to Mr. Yuji Tsukuda of Sanwa Kenma, Ltd. for his
cooperation to prepare thin metal films. The author wishes to thank the President Dr. Hanaichi
of Hanaichi Electron Microscope Technology Laboratory Co., Ltd. for TEM observation of
shocked iron. The author wishes to thank Japan Electron Optics Laboratory Co., Ltd., Oxford
Instruments plc, and TexSEM Laboratories Inc. for their cooperation in performing the EBSP

analysis.

The research described in Chapter 2 was performed with alumni of Miyamoto lab., Mr.
Takayuki Nakayama of Mitsubishi Electric Corporation at present and Mr. Hirokazu Yamada of
Sony Corporation at present. The author wishes to thank them for their powerful cooperation.
Experiments in Chapter 3 was performed with Mr. Masato Yanai of Miyamoto lab. Calculations
in Chapter 3 were performed by Associate Professor Etuji Ohmura and Mr. Yasumitsu Nomura
of Miyamoto lab. Field emission current measurement was performed cooperating with Mr.
Ukyo Ikeda of Ohji lab., Department of Adaptive Machine Systems, Graduate School of
Engineering, Osaka University. The author is deeply grateful to them for their cooperation. SAD
and EBSP analyses were performed with Mr. Hironori Okauchi, Mr. Ikuo Nakamura, and Mr.
Yoshihiro Fujita of Nishimoto lab., Department of Manufacturing Science, Graduate School of

Engineering, Osaka University. The author is grateful to them for their cooperation.
The author is deeply grateful to the staff of Department of Manufacturing Science,

Graduate School of Engineering, Osaka University. The author lived with alumni of Miyamoto
lab., Mr. Hirokazu Yamada of Sony Corporation at present and Mr. Makoto Murai of SANYO

iv



Electric Co., Ltd., at present under same roof and shared terrible troubles with them. The author
is deeply grateful to them. The author wishes to thank alumni and members of Ektessabi lab.
and Ide lab., Department of Precision Engineering, Graduate School of Engineering, Kyoto

University.

The work in Chapter 2 was supported in part by Grant-in-Aid for Science Research,
Grant No. 14750086, the Ministry of Education, Culture, Sports, Science and Technology, Japan.
The work in Chapter 4 was supported in part by “Priority Assistance of the Formation of
Worldwide Renowned Centers of Research - The 21st Century COE Program (Project: Center of
Excellence for Advanced Structural and Functional Materials Design)” from the Ministry of
Education, Culture, Sports, Science and Technology of Japan. The synchrotron X-ray diffraction
measurement in Chapter 4 was performed with the approval of the Japan Synchrotron Radiation
Research Institute (Proposal No. 2003B0725-ND1c-np).

Finally, the author would like to thank his parents, dear wife, Yasue 1L, and son,

Hiroaki &3¢, for their encouragement to accomplish the present work.



Table of Contents

Page

Abstract i
Acknowledgements fii
Table of Contents vi
Chapter 1 Introduction 1
1.1 Intense femtosecond laser ................................ 2

1.2 Femtosecond laser — metal interactions ...............ovevnivneenieienernreneunennrensn 3

1.3 Femtosecond laser driven shock wave in metals .........cc..covvvuevennennvnnnnnnn. 9

1.4 Femtosecond laser system used in this study ............coceuvvenieinernrenneennes 10

L5 PUIPOSES  .oiuniiiiiiiiiiiniiiiinee st et ea et e e e et esaeaneaneeneeneaneeesnnenasnsans 12
References in Chapter 1  ......ccuiivnvieneiniiiniiiii it eeee s 16
Chapter 2 Laser induced forward transfer of thin metal films 27
2.1 INtroductiOn ....oceiiiiiiiiiiiiiiieiie e ee e e et et enee e 28

2.1.1 Laser direct writing ................ e eereieiece e rereseteaanea s 28

2.1.1.1 Laser induced forward transfer ............c.cocveinininiinnnnnne 28

2.1.1.2 Matrix-assisted pulsed laser evaporation direct write .......... 30

2.1.1.3 Laser ablation transfer .............ccccviiiiniiiiiiiinininninnnnn 31

2.1.1.4 Laser explosive microfabrication ..............cccoeevinvnnnnn 31

2.1.2 PUIPOSES  .iiuiiniiniiniiniiiiitneninrenereeteeeneennranerneeneanensesesnsssns 31

2.2 Excimer laser induced forward transfer of thin metal films .................oeeee. 32

2.2.1 INroduCtiOn  ....cuviniiiinrinieiiiiiiirreeineieenerneiereanen e eneeneennens 32

222 EXPEIIMENS  ..evuivuienrernnrrnerreerinernneranerserseeneeenssnneenssnssmnn 32

2221 EXCIMEr laSeI ...civiieiiiiiiiiiiiiieiiiiieieeinee e e o 32

2.2.2.2 Sample Preparations ............eceeeeireeiiieiieiennineinerernennn 32

2.2.2.3 Time-resolved measurements of the He-Ne laser intensity reflected

from metal films .........coiiiiiiiii e 33

2.2.2.4 Photographing of the laser induced plume ...................... 33

vi



2.2.3 Characterization of deposited patterns ..........cccoeeviviiiiiiieiiennnnn 35

2.2.3.1 Influence of the film-substrate distance ............c.coevvninnen 35

2.2.3.2 Influence of the laser fluence .........c.cocvviiiiiniiiiiinninn.n 36

2.2.3.3 Scatter of microparticles ...........coeeereiiienieiiennrenirenneonn 37

2.2.3.4 Influence of the laser Spot Size ........ccceevviiiveriininrniininn 41

2.2.3.5 Surface morphology .........cccovvuenenn. Crerernensnreeenraentions 44

2.2.4 Dynamics of thin metal films during the laser irradiation ............... 45

2.2.5 Dynamics of the laser induced plume ..........coccvvininiiiniiiiiiiinnen 45

2.2.6 Process of the excimer laser induced forward transfer .................. 48

2.2.7 Fabrication of miCro Wires ........c.ceceviiiiiiiiiiiiiiiiiiiineieiiniinn. 49

2.2.8 ConCluSIONS ...cciveiiieiiiiinininiiereineieiieiireiireieiiareeienecesmnnn 51

2.3 Femtosecond laser induced forward transfer of thin metal films ................. 53
2.3.1 INtroduction ....cccieiriiiieiiniiiiiiniiiiiiiiiiiiir e 53

P2 IV 2 4312 11115 11 T e 53
2.3.2.1 Femtosecond laser .........ceceiiiiiieiniiiiiiiieiiinininiiiiienn 53

2.3.2.2 Sample preparations ........c.cceeeiieiiiiiiniiiiiiiieiiieresinn 54

2.3.3 Characterization of deposited patterns ..........cccoviviiiiiiiiiininnnnn. 54
2.3.3.1 Influence of the film-substrate distance ..............c.coevunnee 54

2.3.3.2 Influence of the spatial distribution of the laser fluence ...... 59

2.3.3.3 Scatter of microparticles ........ccoviiiiiiiiiiiiiiiiiiiiii, 60

2.3.4 Dynamics of the laser induced plume ..........coevvveiiiininiiine 62
2.3.4.1 Evolution of the plume .......c.cocoeviviiiiiiiiiiiniiiiiii 62

2.3.4.2 Dynamics of the plume just after the laser irradiation ......... 64

2.3.4.3 Velocity of the leading edge of the plume ................... e 64

2.3.5 Process of the femtosecond laser induced forward transfer ............. 66

2.3.6 ConCIUSIONS  ...iuiveriiiiiiuiiiiniiruiirieinietieretenroniienenesecnrarnrienn 69

2.4 CoNCIUSIONS  tivivieeiiiiiiiierninieiiiiaeninecrioceronsessssrserarscsesasacseessssssnnes 70
References in Chapter 2  .......cociiieiiieiiiiiiiiniiiiiiiiiii e ieanns 71

vii



Chapter 3 Femtosecond laser fabrication of microspike-arrays for micro field-

emitter on tungsten surface 75
3.1 INtrodUCtiON  ...ciivvviiiiiieriiiiniiriniiie e eeerr et e e e er e ereann 76
3.1.1 Laser induced surface miCrOStrUCIUIE ............ovevuneeveneennrennnnns 76

3.1.2  Field emission display ...........ccoeeeiniiinnniiiinieiineeiieeeneernenans 77

313 PUIPOSE  ceoiviveeeriuirieeeeteeeeeeonteeeeeeteeeeeeneeeeesesereesesseessn 79

3.2 EXPEMMENS  1ivvvviiiiiineiiiiiiiririiiinereiieee it er e eeineseaeneeeesnnes s 80
3.3 Experimental TeSUMS ...........ucviiiiiimiiiiienieiiiiiiieeeeeeiieeeeeeervanans SR 82
3.3.1 Influence of the numMber of PUISES  .......cevvvenneinerenrernnrennenneennenns 83

3.3.2 Influence of the laser wavelength .............ccooeevvuvnereeennneernnnnnns 84

3.3.3 Influence of the distance between the tungsten surface and the mask . 85

3.3.4 Influence of the shape of the opening ...........oceuvvvevmnerennnernnnnnn. 86

3.3.5 ConSiderations ..........cceevuiiirieieiiiieiiiieii e eean e 86

3.4 Calculations of diffracted intensity distributions ............cocevevuevvenreennnnnnn 88
341 TREOTY  ceviiniiiiiiiiiiii et et ee e e e et et eeeen e 88

3.4.2 Calculated results .......ceevuiierniiiiiieiiiiieiiieeiieee e e 89

3.5 Measurement of the field emission current ..............cooeeiuniiiiniiiinneennnnn. 92
3.6 COnNCIUSIONS  ..uuivtiiinieiiieieeiireie et e iirereret e e et et eneensetereneeneeean 94
References in Chapter 3 ........o.iieiiiineiiiiiiiiiiii e e e e eeeee 95

Chapter 4 Femtosecond laser quenching of the high-pressure phase of iron 99

4.1 INtroduction .........c..iiiiiiiiiiiii e 100
411 JON  coeeveeeeeeriiierete et et 100
4.1.1.1 Properties 0f ifON  .....c.vvveinieienniniiiiiniiiie et r e 100

4.1.1.2 Shock induced phase transitions in iron ..............ceu....... 110

4.1.1.3 Laser induced phase transitions in iron ........................ 114

412 PUIPOSES  .uiiviiiniiniiinneenretnerrietrneeteerinerteersersnernesaneeassensens 115

4.2 EXPEIIMENtS  ....oieuiiniiiiinrinieieiiierieineeneieiterternennitetneeneenseneenrenns 117
4.3 Experimental 1€SUIS ......cciiviieuiiiiiniiieiieie e e e eanas 117
4.3.1 Determination of the crystalline structures using the electron backscatter
diffraction pattern SYSLEIM ..........ccueviirieiinereinieeriieinieereneeinerenne 117

4.3.2 TEM observation ..........c.ccvvevvuvenennnn. e etteerereeeererearitrasenes 121

4.3.3 Synchrotron X-ray diffraction .........c.coevvuiviiniiiniiiiiiiniiieennn 126

viii



4.4 Thermal properties of iron up to 400 GPa determined using Hugoniot functions

132
4.4.1 Introduction .......c.cecivuveiiiiiinininiiiiiiii e 132
442 Thermodynamic theory ........cccicvviviiiiiininiiiiiiiiiinininiinenen 133

4.4.2.1 Quadratic equation for the Griineisen parameter ............... 133

4422 Experimental pressure Hugoniot and equation of state for iron

‘ 135

4423 Ty(py) solid Hugoniots for iron .........cocevveviieninininiannee 136
4.4.2.4 Ty(py) solid Hugoniots, melting curves, and Ty(py) liquid
Hugoniots for iron ........c..cccvvevininnnnen ettt et s e e sanes 137

4.4.3 Thermal Properties ........coceveviveniniiniiiieiinininiiiieinicecieeenn 138
44.3.1 Validity of linear Cy, assumption ....... et eerreereeeerreenaen, 138
4.43.2 Constant-volume specificheat ............ococoieiiiiiiiiinn 140
4433 Temperature-independent Griineisen parameter ............... 142
4.4.3.4 Temperature dependence of the Griineisen parameter ........ 145
4435 Sound VEIOCILY ...cceivvrirerieiiiiineinieierinrensnnrenracnnsnns 147

444 ConClusions .......occcevrininiiiiniiiiiiiiiiiii i 148
4.5 Temperature inside and behind the overdriven steady-plane shock wave fronts in
10+ L 149
4.5.1 INtroduction .....ccoeeviiiiiiiiiiniiiiiiiiiiiiiieiiiereireerararerersaenanes 149
4.5.2 Equilibrium thermodynamic theory ...........cccoovviviniiiienninnnenn 151
4.5.2.1 Constant-volume specificheat .............cccoveiiiiiiiiininn 151
4.5.2.2 Shock temperature method .........cccceviiniiiiniiiinnnne. 151
4523 Inside temperature method implicitly including heat transport

152

4.5.24 Effective temperature thickness ...........cocvevivviiiiinnnnnne. 153
4.5.2.5 Temperature in inviscid solids ........cccoevriiieieininiiniannen 154

453 Results ..oiiiiiiiiiiiiiii e 155
4.5.3.1 Thermodynamic equilibrium ............oooviiiiiiiiiniin., 155
4.5.3.2 Efficacy of the ITpy method  .....oovvvvnininiininiiiviiininininn 157
4.5.3.3 Influence of the ViSCOUS PIESSUIE ....ceevnernrnininnnionenennne 159

454 ConClUSiONS ...cvviuviininiiiiniiiiiiniiiirinii e eaeae e 162

ix



4.6 Detail explanation of the quenching of the & phase of iron ....................... 163

477 CONCIUSIONS  ...vuivuiiniiiiiieiiiiriiiieiirereereereinsereeneetsennsrnesennernnss 167

4.7.1 Progress made in the present Study ..........occvvienrinnerrnrrnnrrnnnnn 167

4.7.2 Subjects left in the futture .........cccovvvviiiviiniieiiiiieieeieeenerenn 168

References in Chapter 4 .........ccocoviiiiimiiiiiiiiiineeiiinnee e e 169
Chapter 5 Conclusions 181
Appendix A Derivation of Walsh-Christian equation 185
List of Publications 189



Chapter 1

Introduction

Applications of the femtosecond laser ablation of metals to microprocessing are
described in this dissertation. In this chapter, purposes of this dissertation are represented after
principle of the intense femtosecond laser oscillation, femtosecond laser — metals interaction,
femtosecond laser driven shock wave in metals, and femtosecond laser system used in this study

are introduced.



1.1 Intense femtosecond laser

The laser with the pulse width below picoseconds order is called ultrashort pulsed laser
or femtosecond laser. Ultrashort pulsed laser was developed in the middle of 1960s. The size of
the system was large and the pulse stability was not good. The ultrashort pulsed laser, however,
became small-size and highly stable after the development of the Kerr lens mode-locked laser
using a Ti:Sapphire medjum in 1991 [1]. Schematic of the Kerr lens mode-locked laser is shown
in FIG. 1.1. A continuum pumping beam stimulates the Ti:Sapphire medium, and the laser with
the range of the wavelength from infrared to ultraviolet is oscillated and amplified in the
oscillator with four mirrors. A slit for mode-locking keeps the laser intensity constant. Scattered
light goes back through prisms. Ultrashort pulse is oscillated cyclically through a half-mirror.

The table-top femtosecond pulse above TW was achieved by the development of the
chirped pulse amplifier (CPA) [2,3]. Schematic illustration of the CPA is shown in FIG. 1.2. As a
result of the irradiation of a low intensity femtosecond pulse into a pair of gratings, the pulse
width is stretched (in other words, chirped). This stretched pulse is amplified in an amplifier.
The amplified pulse is compressed as a result of the irradiation into another pair of gratings. The

intense femtosecond laser pulse is generated as mentioned above.

Ti‘:sapp,hir:e» )
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FIG. 1.1. Schematic illustration of a Kerr lens mode locked laser oscillator.
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FIG. 1.2. Schematic illustration of chirped-pulse amplification.

1.2 Femtosecond laser — metal interactions

New applications of the intense femtosecond laser have been opened in fields of industry,
materials science, medicine, etc., because the rapid development of the intense femtosecond
laser in this decade. Femtosecond laser ablation is one of the important physical phenomena,
and is applied to microprocessing, film deposition, new material production, and so on.
Characters of the femtosecond laser ablation compared with the nanosecond laser ablation are:
highly efficient energy deposition due to no absorption of laser energy into the laser generated
plasma because the pulse is over before the expansion of the plasma, direct process from solid
to gas or plasma via no solid — liquid process, and little secondary damage to solids due to
thermal conduction. Therefore, the femtosecond laser has the advantage to the applications
described above [4-15].

In this section, processes after the irradiation of the femtosecond laser on the metal
surface, viz., laser absorption, nonequilibrium relaxation between electrons and phonons, and
ablation, are explained.

Nonequilibrium dynamics of the electron gas in metals irradiated by the femtosecond

laser has been studied actively in these 20 years. Direct experimental studies on fundamental



processes such as the electron — electron scattering and the electron — phonon interaction have
become possible due to the appearance of the femtosecond pulse [16-46]. Theoretical studies
based on the data obtained from experimental studies have also been performed [47-52).

Electron — phonon nonequilibrium is important in the regime of picoseconds order. At
first, free electrons in the metal absorb the laser energy as the lattice remains cold. The energy is
delivered among free electrons by the electron — electron collisions in femtoseconds order, and
thermalization of the electron gas occurs. Energy transfer between the electron and the lattice is
dominated by the electron — phonon collision. The electron — phonon collision time T 1S as
short as the electron — electron collision time 7, [42]. The time for energy transfer from hot
electrons to the lattice is usually several tens of picoseconds and longer than the thermalization
of the electron gas due to the difference of the mass between the electron and the phonon. This
process was verified experimentally [17,19,20,24,36,53], and is described by the classical two
temperature model [54-57].

The two temperature model assumes that the electron and the lattice subsystems are
characterized by the temperatures T,, T}, respectively. Spatial and temporal evolutions of these

temperatures are determined by the following equations:

T, 9 T

¢ = —x(T,)—=-G(T. -T,)+ P(x,1), 11
e at axK( e) ax (e l)+ (x ) ( )
C, a—aTt-‘- =G(T, -T,), (12)

where C(T.) is the temperature-dependent electron heat capacity per unit volume, C; is the
lattice heat capacity, x(7) is the electron thermal conductivity, P(x,t) is the term of the laser heat
source (absorbed power density), and G is the parameter characterizing the electron — phonon
coupling, which is usually determined by fitting the analytical solutions of Egs. (1.1) and (1.2)
into the experimental data. |

In the lower electron temperature regime (7, << Ir), the electron heat capacity is

approximated by linear temperature dependence, C, ~C,'T, =n2(T, /T, )N k, /2, (N. is the

electron density, T is the Fermi temperature). Next, it is assumed that the electron heat
propagation length during the laser pulse is larger than the skin depth. This assumption
eliminates the P(x,f) in the right term of Eq. (1.1), and the term of the heat source is considered
the boundary condition,
oT,
K
ox

=-I(t)> | (1.3)

x=0

where I(f) = AI(t) is the absorbed laser intensity (4 is the surface absorptivity).



When the electron temperature is much higher than the lattice temperature, Tr > T, >> 1),
there are two regimes of the electron heat transfer. The one is the usual regime that the electron
heat conductivity is determined by the electron — phonon collision. The numerical analysis in
this regime was performed in Ref. [35]. The other is the unusual regime that the electron —
electron collision is important. The solution of the thermal conduction equation for this case is
obtained, and is consistent with the different temperature-dependence of the electron thermal

conductivity, x « 7., a@ < 1. The numerical solution for ¢ =1 (or a=0 if C, is

independent of the electron temperature) is well known and can be seen in Ref. [60].

When a = -1, that is the electron relaxation is determined by the electron — electron
collision, the heat propagation velocity is indepeﬁdent of the time. In addition, the value of this
velocity decreases as v, « 1/F with increasing of the laser fluence F. This counterintuitive
dynamics results in the increment of the efficiency of the energy deposition. Decay of the heat
propagation velocity with the increment of the laser fluence is a reason for the success of the
femtosecond laser processing of materials.

The efficiency of the ultrashort pulsed laser heating of metals is determined by the
dynamics of the heat propagation during the time ¢ < z,; = C./G, where 7, is the characteristic
time for the electron — lattice energy transfer. 7,; >1 ps is satisfied for principal metals. When the
laser pulse width 1, is sufficiently shorter than 7., the laser energy is firstly deposited into the
electron subsystem. The lattice remains cold during the time ¢ << 7, and strong overheating of
the electron occurs. The process which determines the energy transfer in this time scale is only
the electron heat conduction.

For the electron temperature, the electron heat conductivity is given by x =C,v Fzr /3

[61,62], where vr is the Fermi velocity, and 7 is the electron relaxation time, which is

determined by the electron — phonon and the electron — electron collisions, 1/z =1/7_, +1/7,, .
When the lattice temperature is higher than the Debye temperature 7, = © = hw,, [k, , Where

wp is the Debye frequency (maximum phonon frequency), all vibrational modes of lattices are
excited and the good approximation for the electron — phonon collision frequency is given by

Yz, ~k,T;/h [61,62]. The electron — electron collision frequency is estimated by

Vz,, ~(k,T.} /he, , where g is the Fermi energy [61,62].

In case of the equilibrium between the electron — lattice subsystems (7; = T, < TF), the
condition, 1/7,, > 1/7,, is satisfied, and the electron — electron collisions are negligible. When 7,

>> T, this case is correspondent to the strong overheating of the electron subsystem and



frequencies 1/, and 1/, are equal to the characteristic electron temperature T, = T+, where

T - ”_I:T_t (1.4)
\/ T

For metals with the Fermi energy & ~ 5 eV and 7; ~ 300 K, this temperature is the order of 7« ~
4 x 10° K. In this case two different regimes of the electron heat transport are confirmed.

If the electron temperature remains low, T, < T., during the interaction with the Iaser
pulse, the electron — phonon collision determines the heat transport. The electron relaxation time
is given by ¢ ~t,, «1/T,, and the heat conductivity is characterized by the temperature

dependent x « T,r,, T, /T, . In this case the thermal diffusivity x = x/C, is nearly constant,

and the usual electron heat transport regime is realized [35]. The heat penetration depth is scales
as Iy = (2)'"” and the heat front velocity decreases with the time as vy = (3/1)*2. The surface
electron temperature is expressed as follows [35]:

14 12 2
T,=( 4 ) (_F_) uf_’%. (1.5)

1]
X, C, T,

The characteristic laser fluence F. which is correspondent to T, = 7. is given by this equation.
From Egs. (1.4) and (1.5), equations;

C,'Tie, ’ 2
F‘ = e IEkF XTP - thI‘I Tme s . = T mEF . (1,6)
B

9 R

are obtained. For metals with the Fermi energy & ~ 5 eV and the pulse width 7, ~ 100 fs, F. ~ 4
mJ/cm?, Fp, ~ 2 mJ/cm? are obtained. T; ~ 300 K is assumed here. The value of F+ becomes a
little bit higher due to the lattice heating during the laser pulse.

When T, >> T* >> T; is satisfied in the high fluence F > F., the electron relaxation time
is determined by the electron ~ electron collisions, 7 ~7,, «1/T,*, and the heat conductivity
k < Tz, «1/T, decreases with the increment of the electron temperature. For the degenerate

electron gas and strongly nonequilibrium between electrons and lattices, these equations are

valid. These situations are realized during the time ¢ <t,, and this is interesting. The heat
diffusivity decreases with the increment of the electron temperature as y o< 7,7
By using the energy conservation law during and after the laser pulse,
C, T, ~It (t<v,), : (1.7
C,T.)l, ~F (tz7,), (1.8)

and the equation for the heat penetration depth;



by ~ 3 ~vpofrt w N (1.9)

kBTe
and a simple scaling law for the surface electron temperature,
LR (e \ S (1.10)
C,'vp Jhe, N_v\he,
L ~—Tth p_ F (=1, (L11)

" C,'vp Jhet F N v \het
and the heat penetration depth,
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are obtained. The heat penetration depth is independent on the time (see Eq. (1.12)) and
decreases with the increment of the laser intensity during the laser pulse with the constant
intensity. In this case, most of the absorbed laser energy is deposited into the thin surface layer,
and decreases with the increment of the laser intensity. This occurs due to the decay of the heat

loss from the thin layer because the electron relaxation time and the heat diffusivity are the
function of the electron temperature (o« T,>) which decreases rapidly. After the laser pulse an
extremely peculiar regime of the heat transport appears (see Eq. (1.13)). The heat penetration
depth becomes greater in proportion to the time, /. o« ¢, and the heat propagation velocity
vy ~vp BN, /F decreases with the increment of the laser fluence. This is a contrast to the
counterintuitive prediction.

The radiative heat transport is important at the extremely high electron temperatures. For

T,<T, , the situation that the radiative heat conductivity &, =160T,’, /3 (where

o =n%k," [60R°c* is the Stefan-Boltzmann constant and /, is the radiative mean free path) is

sufficiently smaller than the electron heat conductivity «. is equivalent to ahw, <<®. a =

1/137, w, is the plasma frequency, and R =13.6 here. It is assumed here that /, is the order of
the skin depth, [, ~ c¢/a,, and T, = T. It is obvious from these estimations that the radiative heat
transport is negligible.

There are two forces which cause the transfer of momentum from the laser field in the
laser-energy absorbed region and high energy electrons to ions [63-65]. One is due to the

electric field caused by the charge separation, and the other is the ponderomotive force. The



charge separation occurs when the energy absorbed by electrons exceeds the Fermi energy. The
Fermi energy is nearly equal to the sum of the bonding energy and the work function, so that
electrons escape from the target [66-69]. Ions are pulled from the target by the electric field
caused by the charge separation. At the same time, the ponderomotive force in the laser field in
the skin depth pushes electrons into the inside of the target. Correspondingly, the ponderomotive
force creates the mechanism for the ion acceleration to the target. Thus, the mechanism of the
femtosecond laser ablation is quite different from that of the thermal ablation by long pulsed
laser.

Fundamental mechanism of the ablation process is not yet understood precisely. Pressure
wave formation [70-72], thermodynamic evolution of expanding materials [73,74], and
identification of collective emission process [8,51,52,73,75-80] have to be understood to
describe the process in the mesoscopic scale. Many mechanisms are thought to play a role in the
ablation below the plasma formation threshold: optical dynamic spallation [70,79] (in organic
materials), heterogeneous nucleations of gas bubble and phase explosion [52,73,75-77,79],
spinodal decomposition [73,80], fragmentation [52]), and vaporization [8]. The ablation
mechanism were suggested as follows using molecular dynamic simulations based on these
phenomena [51].

The main response for the absorption of the pulse energy is the expansion to release the
storage of the important thermoelastic pressure induced by the heating of the constant volume of
the target. The material is, however, relaxed by emitting the strong pressure wave, which play a
important role in the ablation process [70,78,79,81,82].

Although the tensile component is formed at low fluences below the ablation threshold,
it actually disappears with the increment of the fluence due to the thermo-softening of the
surface material. Thus, the tensile wave intermediate effect such as the spallation is observed
only at low fluences. The relaxation of the thermoelastic stress occurs at an early stage by the
irradiation of two compressive pressure waves: One goes toward the free surface, and the other
goes inside the bulk [71,72,79]. The wave irradiated at the free surface reflects and becomes the
tensile stress (negative pressure). However, the tensile component is not formed completely
before the reflected wave reaches the approximately skin depth under the surface [71]. Thus, the
resulted acoustic wave has bipolar profile: the compressive stress and the following tensile
stress. ’ |

At middle fluences, the phase explosion is the main mechanism of the ablation. This
mechanism occurs in the region of the gradual expansion of the material, and may form the

condition that the Newton’s rings are formed.



At high fluences, the pressure profile has a single structure; the tensile component
disappears completely. Thus, the reflection does not occur because the wave irradiated at the
free surface is dissipated at the surface layer. This pressure intensity is proportional to the
incident energy. The tensile stress is also formed. This is not induced by the elastic wave but by
the development of the melting front. At an early stage, this stress propagates in the sound
velocity, and becomes lower later. At high strain rates, the plume is formed by the mechanical
fragmentation of the expanded materials. Complete evaporation of the surface layer is also
observed. This mechanism can occurs at different places under the surface of the target at the
same time. Thus, the formation of the pressure wave must be considered to predict the ablation

rate.

1.3 Femtosecond laser driven shock wave in metals

The shock wave propagates in metals due to the shock loading on the metal surface
when an intense femtosecond laser is irradiated on the surface as described in the previous
section. In this section, the properties of the femtosecond laser driven shock wave are described.

For many years, the nanosecond laser driven shock wave has been studied to create and
observe materials at extreme conditions of pressure, density, and temperature [83-117,128-135].
The critical different point between the femtosecond and the nanosecond laser ablations is the
absorption of the laser energy into the laser induced plume during the laser pulse. For the
nanosecond laser, the temporal shock wave profile is relatively long due to the pressure loading
from the plume which absorbs the laser energy. The heating effect of the target emitted from the
plume is not also negligible. While for the femtosecond laser, the femtosecond laser driven
shock wave is characterized by only the femtosecond laser — metal interaction because the
ablation occurs after the whole laser energy deposition.

The ultrasonic heat wave driven by the heat conduction propagates into the undisturbed
target when the thin layer of the target is heated rapidly to 100 — 1000 eV. The heat wave slows
down when the thickness of the heated material becomes larger. At the same time, the
hydrodynamic expansion of the heated material into the vacuum starts. The shock front
overtakes the heat front when the heat front approaches the sound velocity. This physical state is
the classical problem of the hydrodynamic phenomena [118]. When the intense femtosecond
laser is irradiated on the solid surface, the shock pressure of approximately 1 TPa is generated in
the laser absorbed region because the lattice is heated far before the thermal expansion occurs.

In this situation, finally the shock front goes ahead after the heat front propagates in the solid



through 100 — 200 nm, which depends on the laser intensity [119].

Evans ef al. measured the shock velocity and the particle velocity using the frequency
domain interferometer with the time resolution of subpicoseconds [120-123] when the
femtosecond laser (800 nm, 120 fs, ~ 10" W/cm?) is irradiated on the surface of thin Al film (10
— 400 nm on fused silica substrate (2 mm)), and estimated the shock pressure of 100 — 300 GPa
assuming that the shock is along the Hugoniot [124].

Gahagan et al. also measured rise times of the femtosecond laser driven shock wave
using the frequency domain interferometer [125]. The shock wave was driven by the
femtosecond laser (800 nm, 130 fs, 0.2 — 0.5 mJ) which is irradiated on deposited metal thin
films (polycrystalline Al and Ni (250 — 2000 nm)) through the cover glass for microscope
observation. The Gaussian profile of the laser profile of the incident beam is flattened because
the nonlinear absorption of the laser driving the shock wave into the glass substrate functions as
the optical limiter. Therefore, the planar shock wave is generated in the metal [126]. The
dynamic behavior of the surface and the reflectivity of the laser from the thin metal film during
the generation of the shock wave were measured at the same time using the frequency domain
interferometer, and the shock rise time from 10 % to 90 % was estimated several picoseconds.
Gahagan et al. also developed the ultrafast time resolution two dimensional interferometric
microscope to evaluate properties of the laser driven shock wave [127).

Properties of the femtosecond laser driven shock wave have been investigated using the
method with high spatial and temporal resolution in these days as described above. However,
detail properties such as the mechanism of generation, the shock wave profile, and the dynamics

of propagation are not investigated and not understood well.

1.4 Femtosecond laser system used in this study

In this study, Femtosecond Laser System produced by Spectra-Physics Inc. was used.
The schematic is shown in FIG. 1.3. The femtosecond pulse (FIG. 1.3(b), 790 nm, < 130 fs, 82
MHz, 0.9 W) is oscillated by stimulating the Ti:Sapphire using the LD-pumped Nd:YVO, laser
(FIG. 1.3(a), 532 nm, CW, 5 W). This seed pulse is stretched by a pair of gratings in the
regenerative amplifier (FIG. 1.3(d)), amplified by the LD-pumped Nd:YLF laser (FIG. 1.3(c),
527 nm, 200 ns, 1 kHz, 10 W), compressed by a pair of gratings, and finally the intense
femtosecond pulse with the wavelength of 800 nm, the pulse width of 120 fs, the maximum
pulse energy of ~ 1 mJ, and maximum repetition rate of 1 kHz is obtained. This pulse width is

measured using the single shot autocorrelator (FIG. 1.3(¢)). The beam has the horizontal linear
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polarization and the Gaussian intensity profile. The measured intensity profile of the raw beam

and focused beams using focusing lens with focal length of 70, 150 300 mm are shown in FIG.

1.4. Measurements were performed in air with sufficiently low intensities to prevent the air

breakdown. The measured 1/e beam diameter are (a) 5.4 x 4.3 mm” for the raw beam, (b) 12.5 x

14.5 pm’ for the 70 mm focusing lens, (c) 21.4 x 24.3 um? for the 150 mm focusing lens, and

(d) 46.0 x 45.6 um?” for the 300 mm focﬁsing lens.

M| o

@

()
(¢)

Z: 800 nm
7. 12015
;EP: Max. 1.mJ

()

FIG. 1.3. Setup of femtosecond pulse laser system. (a) LD pumped Nd:YVOj laser (532 nm,

CW, 5 W) for pumping femtosecond oscillator. (b) Ultra-short pulse laser system (790 nm, <
130 fs, 82 MHz, 0.9 W). (c) LD pumped Nd:YLF laser for pumping regenerative amplifier (527
nm, 200 ns, 1 kHz, 10 W). (d) Regenerative amplifier system (800 nm, 120 fs, 1 kHz, 1 W). (e)

Single shot autocorrelator.
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microprocessing; laser direct writing of micro metal patterns in Chapter 2, fabrication of
| microspike arrays for the micro field emitter utilizing the optical diffraction through the contact
mask opening in Chapter 3, and the quenching of the high pressure phase of iron using the
femtosecond laser driven shock wave in Chapter 4. In Chapter 2, advantages of the femtosecond
laser induced forward transfer of thin metal films are shown compared to the case for the
excimer laser. In Chapter 3, the micro removal processing which can not be achieved without
using the femtosecond laser is realized. In Chapter 4, a new method that the femtosecond laser
is used as the shock wave driver is tried to quench the high pressure phase of iron, which is
impossible using the conventional shock compression method. This dissertation consists of the
independent three chapters above mentioned. Research flows of this dissertation and each
chapter are shown in FIG. 1.5.Content of each chapter will be introduced briefly as follows.

In Chapter 1, the principle of the intense femtosecond laser oscillation, femtosecond
laser — metal interaction, and femtosecond laser driven shock wave in metals, femtosecond laser
system used in this study, and purposes of this dissertation are described.

In Chapter 2, Laser induced forward transfers (LIFT) of thin metal films using a single
pulse of excimer laser (wavelength: 248 nm, pulse width: 30 ns) with the flat-top profile of the
laser intensity (Excimer-LIFT) and the femtosecond laser (wavelength: 800 nm, pulse width:
120 fs) with the Gaussian profile (Fs-LIFT) are performed to achieve the high-resolution
deposition of micropatterns. The Fs-LIFT is a powerful tool to achieve the high-resolution
micropatterning of metals when the thin filin does not contact with the acceptor substrate.

In Chapter 3, Microspike-arrays are fabricated by irradiating the femtosecond laser on
the tungsten surface through the mask opening in air with the aim of fabricating the micro field
emitter for the field emission display using only the femtosecond laser. Natural logarithm of the
calculated intensity distributions diffracted at the edge of the mask opening is qualitatively
consistent with the experimental results of the sharp shape and arrays of microspikes. The
ability of the field emission of microspike-arrays is evaluated. This method can be a powerful
tool to fabricate the field emitter.

In Chapter 4, the femtosecond laser driven shock quenching of the high pressure phase
(¢ phase) of iron is described. Thermal properties of iron under the shock compression state are
calculated theoretically. Temperatures behind and inside the steady-plane shock wave fronts are
calculated using the results obtained. The detail of the femtoSecond laser driven shock
quenching of the ¢ phase in iron is explained.

In Chapter 5, this dissertation is concluded.
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Chapter 2

Laser induced forward transfer of thin

metal films

Laser induced forward transfers (LIFT) of thin metal films using a single pulse of
excimer laser (wavelength: 248 nm, pulse width: 30 ns) with the flat-top profile of the laser
intensity (Excimer-LIFT) and the femtosecond laser (wavelength: 800 nm, pulse width: 120 fs)
with the Gaussian profile (Fs-LIFT) are performed to achieve the high-resolution deposition of
micropatterns. The different point between the Excimer-LIFT and the Fs-LIFT processes is the
absorption of the laser energy from the laser induced plume. For the Excimer-LIFT, the ablation
occurs during the laser pulse and the laser induced plume is generated. The plume is heated by
absorbing the latter part of the laser pulse. The scatter of microparticles expands as a result of
the growth of the plume due to the evaporation of the deposited pattern. For the Fs-LIFT, on the
other hand, the growth of the plume depends only on the fluence because the ablation occurs
after the whole laser pulse and the laser energy is not absorbed by the plume. Therefore, the
scatter of microparticles is prevented. Scatter of droplets depends on the melted area outside the
laser irradiated region in the thin film for the Excimer-LIFT and the difference of the laser
intensity in the laser beam for the Fs-LIFI. The Fs-LIFT is a powerful tool to achieve the
high-resolution micropatterning of metals when the thin film does not contact with the acceptor

substrate.
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2.1 Introduction

2.1.1 Laser direct writing

Laser direct writing technologies such as the ink jet have been developed to fabricate the
structure directly on the substrate [1]. It takes shorter times to fabricate structures compared to
other methods such as the lithography. The mechanical force of the piezo-device or the pressure
of the bubble génerated by heating is used as a driving force to transfer the ink to a point on the
substrate. In this section, the method that uses the laser ablation as a driving force is described

bellow.

2.1.1.1 Laser induced forward transfer

Laser Induced Forward Transfer (LIFT) is one of the laser direct writing methods. LIFT
process consists of three main steps. First, the thin film pre-coated on the transparent substrate is
ablated by a laser beam, which is irradiated through the substrate and deposits the pulse energy
onto the film-substrate interface. Second, the removed material is transferred to the acceptor
substrate which is placed in close proximity to the film. Third, transferred material is landed and
deposited onto the acceptor substrate. Schematic of the LIFT is shown in FIG. 2.1. The main
advantages of the LIFT are; it is the eco-friendly and clean process because it is the dry process
without using organic solvent, and it can be performed in air and at room temperature. The
disadvantage is that thin film deposition on the transparent substrate is needed before the LIFT.

The LIFT technique has been studied actively since the first report by Bohandy et al. [2]
due to its high ability to be applied to micro electronic/photonic devices. Various kinds of -
materials such as metals (Al [3], Au [5], Cu [2,5,6], Cr [5-12], Pd [13], Pt [12], Sn [7], Ti [7,8],
V [7], W [14,15,16,17]), semiconductors (Ge [7]), multi layers (Ge/Se [18]), high Tc compound
(YBaCuO, BiSrCaCuO [19]), metal oxides (In;O; [5,12,20,21]), diamond nanoparticle [22],
Rhodamine 610 [23], and PMMA [24] were deposited using different kinds of lasers such as
Excimer lasers and Nd: YAG laser. Microdevices such as microwire, microresistor, and electrode
for TFT are suggested to be produced using the LIFT technique [25]. Zergioti et al.
manufactured the patterns for hologram and gratings [5]. Applications to the corrections of the

quartz crystal and the mask repair are also expected.
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FIG. 2.1. Schematic illustration of LIFT,

Mechanisms of LIFT as well as applications have also been reported. Adrian et al. [26]
and Baseman et al. [27,28] calculated the temperature distribution in the thin film during laser
heating using calculus of finite difference and finite element method, respectively, and
suggested that a thin film was heated by laser beam till the pressure at the interface between the
film and the substrate reaches a value enough to remove and propel the film from the substrate.
Fogarassy investigated the LIFT mechanism of YBaCuO and BiSrCaCuO high T¢ thin film
irradiated by a single pulse ArF excimer laser (193 nm, 20 ns) [19]. Time-resolved change of
temperature rise on the laser irradiated surface was calculated by thermo-hydrodynamic
calculation. The calculated results and experimental results analyzed by using RBS showed that
film removal was attained just above the temperature threshold of surface melting of these two
compounds. The deposited structure showed good smooth and good adherence with the acceptor
substrate at the threshold of complete removal. Meanwhile, when overheated, the surface of the
deposited structure was roughened due to overheating and, as a result, the material showed poor
adherence. Schltze et al investigated the phase front dynamics in a thin film using Harrach’s
analytical solutions [29] and the blow-off process of a thin film irradiated by Nd:YAG laser
(1064 nm, 120 ns) with Gaussian profile and Nd:glass laser (1064 nm, 40 ns) with flat-top [3,4].
Two blow-off mechanism was proposed; the first is in case of low laser intensities and/or thin
film. The film is completely melted and blown off by the evaporated pressure generated at the
interface between the film and the support substrate. The other case is high laser intensities
and/or thick film. The film was explosively blown off due to high evaporated pressure at the

interface as a result of the overheat of liquid phase or burst of solid phase.
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Kantor et al. performed LIFT systematically using long pulsed (100 — 1000 us) lasers
comparing the results of LIFT using short pulsed lasers [15-17]. Thin metal film is removed
completely without damaging the surface of the supporting substrate just above the ablation
threshold (several tens of mJ/cm®) using ns pulsed lasers. However, the deposited structure
shows poor adherence with the acceptor substrate. Debris formation and heat damage occurs
due to complete ablation of the film using high fluence (typically above 1 J/cm®) laser pulse
[6,7]. On the other hand, a micrometer sized pattern of tungsten with well adherence with the
acceptor substrate was achieved using long pulsed laser as a result of transfer of tungsten in
solid phase. Time-resolved transmittance and reflectance measurements and temperature
distribution calculation in the film showed that ablation starts at a well defined temperature
independent of pulse width and pulse shape in case of LIFT using long pulsed laser. In this case

there are no distinct boundary between removal, transfer and deposition in space and time.

2.1.1.2 Matrix-assisted pulsed laser evaporation direct write

The process of the Matrix-assisted pulsed laser evaporation direct write (MAPLE DW)
is similar to that of the LIFT. The different point is the use of ribbons instead of thin films
[30,31]. The ribbon consists of the nanoparticle of the transferring material dispersed in the
polymeric matrix. The thickness of the ribbon is about 5 um. The process of the MAPLE DW
consists of three steps; the matrix is vaporized or cracked and the ribbon is removed due to the
laser irradiation (removal process), nanoparticles in the ribbon are transferred to the acceptor
substrate (transfer process), and nanoparticles are deposited onto the acceptor substrate
(deposition process).

The different advantage of the MAPLE DW from the LIFT is that organic matters are
able to be transferred because the matters are not highly heated. The disadvantage is the mix of
the matrix in the deposited matters.

Many kinds of materials, such as metals (Ag [30,32]), ceramics (BaTiO; (BTO) [30,33,34,35],
SrTiO; (STO) [29], YsFesOp, (YIG) [30,34], SiO, [35], TiO, [35]), organic matters
(poly(epichlorohydrin) [33,36], epoxy resin [37], fluoroalcolpolysiloxane [36]), graphite
([34,36]), phosphors (Y;0s:Eu, Zn,SiO;Mn [34]), enzyme (Horseradish peroxidase (HRP)
[38]), cell (Chinese hamster overies (CHO) [38]), and bacteria (Chinese hamster overies (CHO)
[38]), have been transferred using the MAPLE DW technique because the temperature rise of
the nanoparticles are prevented. Wire [30,31], resistor [37], condenser [30,33,34], coil [30],
chemical sensors [36-38], and pixels of CRT display [40] are also fabricated using the MAPLE
DW technique.
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High speed photographing of the ribbon was performed during the laser irradiation to
investigate the process of the MAPLE DW [41,42]. The ribbon was removed about 500 ns after
the laser irradiation and the removed area expanded till 1 ps after the irradiation. The
transferring velocity of the ribbon was about 200 km/s. Molecular dynamics simulation of the
MAPLE DW was also performed [43].

2.1.1.3 Laser ablation transfer

Laser Ablation Transfer (LAT) is the way to transfer the colors and is similar to the LIFT
[44,45]). The different point from the LIFT is that the film consists of two layers. Al film is
deposited first on the supporting substrate and after that colors are coated on the Al film. Al film
is ablated due to the laser irradiation. Colors are removed due to the evaporated pressure of the
Al and transferred to the acceptor substrate. Al film is used to add the propulsion to colors. This
method is used in the field of the print. Color images of high resolution are fabricated in short

time using this method.

2.1.14 Laser explosive microfabrication

Laser Explosive Microfabrication (LEM) is the generic of the method of
microprocessing using the laser induced explosive ablation. Typical one is the laser micro
explosive joining [46]. In this method, two layers are deposited on the supporting substrate
similar to the LAT. Thin film adhered to the suppdrting subsirate is ablated due to the laser

irradiation, and as a result it is joined with another film.

2.1.2 Purposes

Purposes of this chapter are, first, to perform the micro patterning of metals with high
resolution using the LIFT process and, second, to elucidate the mechanism of the LIFT. In this
study two kinds of lasers are used; the one is the femtosecond laser (wavelength: 800 nm, pulse
width: 120 fs, spatial distribution of the intensity: Gaussian) and the other is the excimer laser
(wavelength: 248 nm, pulse width: 30 ns, spatial distribution of the intensity: top-flat).
Optimum condition to achieve the high-resolution deposition is investigated varying the
experimental conditions systematically. Observations of the LIFT process are also performed.
Based on these experimental results, mechanism of each LIFT is elucidated. Finally, these

LIFTs are compared.
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2.2 Excimer laser induced forward transfer of thin metal films
2.2.1 Introduction

In this section, Excimer Laser Induced Forward Transfer (Excimer-LIFT) of thin metal
films is described. Influences of experimental parameters on the deposited patterns are
investigated systematically when a single pulse of KrF excimer laser (wavelength: 248 nm,
pulse width: 30 ns) is irradiated on three kinds of thin metal films (Ni, Cu, and Au). Dynamics
of the thin film during the laser pulse, the laser induced plume, and the transferring materials are
observed. The mechanism of the Excimer-LIFT is shown based on the experimental results.

Microwires are fabricated using the Excimer-LIFT process and the resistance of the wire is

measured.

2.2.2 Experiments
2.2.2.1 Excimer laser
KrF excimer laser (Lambda Physik, COMPEX110, wavelength: 248 nm, pulse width: 30

ns) is used in this study. The beam shape is 8 mm x 25 mm with flat-top profile.

2.2.2.2 Sample preparations

Three kinds of metals (Ni, Cu, and Au) were deposited on quartz substrates of 2 mm
thickness using ion sputtering method. The thicknesses of the thin films are listed in TABLE 2.1.
The films were irradiated by a single pulse of KrF excimer laser using a mask projection

method. The removed material was deposited on the Si wafer as an acceptor substrate.

TABLE 2.1. 'Thin metal films used in this study.
Material Thickness (nm)

180
500
670
780

Ni

160

Cu 750

140

Au 400
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2.2.2.3 Time-resolved measurements of the He-Ne laser intensity reflected from metal
films

The intensity of a He-Ne laser beam (wavelength 633 nm) reflected from the front and
rear side of the thin film, respectively, were measured using photodiodes to investigate the film
behavior during the laser pulse. The experimental setup is shown in FIG. 2.2. The wavelength of
He-Ne laser was only detected using band-pass filter. Both a part of the incident of excimer

laser and reflected He-Ne laser were detected by the photodiode simultaneously.

FIG. 2.2. Schematic illustration of the measurement of the intensity of the He-Ne probe lasers
reflected from the surface of the film and the interface between the film and the support

substrate,

2.2.24 Photographing of the laser induced plume

The dynamics of the laser induced plume and the shadowgraph of the transferring
material were photographed using an image intensified CCD camera (Hamamatsu Photonics
K.K., C2925-01). Experimental setup is shown in FIG. 2.3. A He-Ne laser (wavelength 633 nm)
was used for illumination in photographing the shadowgraph. Photos were taken at different
delay times after laser irradiation, controlling the timing of both the excimer laser pulse and the
gate opening of the CCD camera by using a pulse generator. PIN photodiode (Hamamatsu
Photonics K.K., S1722-02) was used to detect the pulse of the excimer laser. The circuit

diagram for the detection of the excimer laser pulse is shown ins FIG. 2.4.
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FIG. 2.3. Experimental setup for photographing images of the laser induced plume.
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FIG. 2.4. Circuit for detecting the laser beam.
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2.2.3 Characterization of deposited patterns
2.2.3.1 Influence of the film-substrate distance

In this section, the influence of the distance between the film and the acceptor substrate
on the deposited pattern is described. Typical image of the deposited pattern is shown in FIG.

2.5. The white line in the figure indicates the outline of the laser irradiated region.

*

100 pm |

FIG. 2.5. Optical microscope image of a deposited pattern. Thin Ni film (180 nm) was
irradiated by a single pulse of KrF excimer laser (1.5 J/cm®). The film — acceptor substrate

distance was 20 pum.

Some materials spread outward perpendicular to the edge of the dense central part of the
structure which agrees with the laser irradiated region. This spread length d is shown in FIG. 2.6
as a function of the film-acceptor substrate distance L. Our recent studies revealed that the
length d increases linearly with the distance L over several hundreds micrometer because the
transferring material is not influenced by the external force [47-50]. The length d increases,
however, nonlinearly for L = 100 pm. Gas around the plume flows below it when the hot plume
becomes cool because the density of the hot plume is low [51]. This non-linearity means that the

transferring material is influenced by the external force originated from the flowing gas in this

region.
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FIG. 2.6. Relationship between the spread length d and the film — acceptor substrate distance
L.

2.2.3.2 Influence of the laser fluence

The appearance of deposited patterns at optimum, lower and higher fluences are shown
in FIG 2.7. The appearance and size accuracy become worse both at lower and higher fluences.
This tendency was true for the other film thicknesses. Optimum fluence depends on mainly the
film thickness when the film shows good adherence with the supporting substrate. The value
becomes larger as the thickness become thicker. It is found that the incomplete removal of the

thin film from the supporting substrate causes the spread at lower fluences.

FIG. 2.7. Optical microscope images of deposited patterns. Thin Ni film (180 nm) was
irradiated by a single pulse of KrF excimer laser with the film — acceptor substrate distance of
10 um and with fluences: (a) below optimum (0.2 J/cm®), (b) at optimum (0.8 J/cm?), and (c)

above optimum (2.5 J/cm®).
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2.2.3.3 Scatter of microparticles

The problem in fabricating micro structures is the resolution of the deposited structure.

Factors which influence the resolution are mainly as follows:

I. Droplets around the pattern

II. Droplets which are generated in performing at lower or higher fluences

III. particles around the pattern
FIGURE 2.8 shows the deposited patterns and the corresponding removal area of the thin film.
White line in the figure indicates the outline of the laser irradiated region. The size of the pattern
is similar to the laser irradiated region. Droplets are deposited around it. On the other hand, the
removal region of the thin film is larger than the laser irradiated region. Therefore, the region
around the laser irradiated region of the thin film is removed and deposited around the dense
pattern as droplets. The spread length of the droplets is suppressed by getting small the film —
acceptor substrate distance.

For the higher fluence, droplets caused by the effect of the laser pulse after deposition
spread as shown in FIG. 2.9. For the lower fluence, on the other hand, droplets spread due to the
incomplete removal of the thin film from the supporting substrate. These droplets are inhibited
at optimum fluence. The optimum fluence depends on the film thickness, physical properties of
the film, and the adhesion of the film to the supporting substrate.

FIG. 2.8. Relationship between deposited material and removed zone. Film: Ni (180 nm),

Laser fluence F = 1.5 J/cm?, Film — acceptor substrate distance L = 20 pm.
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FIG. 2.9. Optical microscope images of deposited patterns at (a) excess and (b) deficient

fluence. Film: Ni (500 nm), (a) F = 4.0 J/em’, L = 10 pm, (b) F = 1.6 J/cm?, L = 300 pm.

500 pm

€

Distance d:

FIG. 2.10. SEM images of deposited patterns. Film: Ni (180 nm), L = 10 pm, (a) F = 1.5 J/cm?,
(b) F=0.8 J/cm®.
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FIG. 2.11. Relationship between distance L and d;. Film: Ni (180 nm).

Now, the problem of the deposition of particles on the acceptor substrate is considered.

Typical SEM images of deposited patterns are shown in FIG. 2.10. Particles extend around the
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dense deposited pattern.

The extended distance of particles is defined as d; as shown in FIG. 2.10(b). d; is plotted
as a function of L in FIG. 2.11. Dotted line in the figure indicates the length of the edge of the
laser spot. d; increases with the decrement of L while the spread length of droplets decreases.

Particles are considered to be included in the laser induced plume [47,52]. Particles are
deposited when the plume extends along the acceptor substrate plane and cools down. Therefore,
particles are not deposited if the plume does not extend along the substrate. Thus, I performed
the LIFT at L = 0, which means that the film is contacted with the substrate. SEM image of the
deposited pattern obtained at L = 0 is shown in FIG. 2.12(a). This image shows no extend of
particles, that is to say that high resolution deposition is achieved.

For high fluence at L = 0, however, particles extend around the dense deposited pattern
as shown in FIG. 2.12(b). Optical images of removal area of thin films are shown in FIG. 2.12(c)
and (d) for the optimum and higher fluences, respectively. Removed size is larger than the laser
spot size for higher fluence as shown in FIG. 2.12(d) while it is similar with the laser spot size
for the optimum fluence as shown in FIG. 2.12(c). Therefore, it is suggested that removal
mechanisms are different from the inside and outside of the laser irradiated region. For higher

fluence, the plume thrusts the film and particles extend.
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Blown-off' zone

FIG. 2.12. (a), (b) SEM images of deposited patterns, and (c), (d) optical microscope images

of removed zones. Film: Ni (230 nm), L = 0 um. (a), (c) F = 1.7 J/cm?, and (b), (d) F = 2.7
J/em?.
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FIG. 2.13. Result of x-ray fluorescence spectrometry for a deposited pattern. Film: Ni (230
nm), L =0 um, F = 1.7 J/cm?.

X-ray fluorescence analysis was performed in order to confirm the existence of particles
around the dense deposited pattern with high accuracy. Measurement was performed at BL-4A,

Photon Factory, High Energy Accelerator Research Organization (KEK). Detected result of
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NiKa for the sample which is shown in FIG2.12(a) is shown in FIG. 2.13. Little signals of
NiKo are detected outside the deposited pattern. It is found that contact of the film with the

substrate is useful method to achieve the high resolution.

2.2.3.4 Influence of the laser spot size

In this section, the influence of the laser spot size on the resolution of the deposited
pattern is described. SEM images of deposited patterns are shown in FIG. 2.14 when LIFT is
performed at L = 0 and the lateral length of the laser spot size is varied from 10 — 86 um and the
longitudinal length is constant. Particles are not observed at each condition. SEM images of
deposited patterns are shown in FIG. 2.15 when LIFT is performed at L = 0 and the laser fluence
is varied and the laser spot size is constant. For higher fluence, extends of particles are
observed.

Extended length of droplets is plotted in FIG. 2.16 as a function of the lateral length of
the laser spot. Extended length of droplets is defined as shown in FIG. 2.17. The extended length
decreases with the decrement of the lateral length of the laser spot. Thin film outside the laser
spot is considered to be peeled from the supporting substrate. The reason of the decrement of
the extended length with the decrement of the lateral length of the laser spot is suggested as
follows.

Schematic illustration of the removal process of the thin film is shown in FIG. 2.18. The
force F of the thin film in the laser irradiated region is expressed by

F =lwP, 2.1)
where P is the pressure of the plume, [ is the longitudinal length and w is the lateral length of the
laser spot. Thin film outside the laser irradiated region is peeled by the force F. F decreases
linearly in proportion to w as expressed in Eq. (2.1). The peeled area outside the laser irradiated
region decreases as a result of the decrement of F. Nonlinearity of the extended length of

droplets as shown in FIG. 2.16 seems due to the plume.
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