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Abstract

This thesis details the results of femtosecond laser ablation and micromachining
of indium phosphide (InP). The experimental results presented consist of six sets of
investigations divided into two categories: 1) single and multiple pulse ablation of
stationary samples; 2) laser micromachining and analysis of grooves cut in InP.

The first series of experiments dealt with the analysis of the final state of InP after
single and multiple pulse irradiation. The experiments were performed with femtosecond
pulses, 60 —175 fs in duration, centered around wavelengths of 400, 800, 660, 800, 1300
and 2100 nm.

In the first set of investigations, single pulse laser ablation craters on InP and
GaAs were studied via scanning and plan-view transmission electron microscopy. The
final state of the material near the laser-ablated region following femtosecond ablation
was characterized in detail for three selected laser fluences.

In the second set of investigations, single pulse ablation threshold measurements
were performed in the wavelength range from 400 — 2100 nm, covering the photon
energy above and below the bandgap of InP. The ablation thresholds determined from
depth and volume measurements varied from 87 mJ/cm? at 400 nm to 250 mJ/em* at 2050
nm. The measurements were performed with optical microscopy, atomic force and
scanning electron microscopy. In addition, sharp onsets of the measured depths versus
laser fluence were observed at the ablation thresholds.

In the third set of investigations, laser induced periodic surface structures were
investigated on the surfaces of InP, GaP, GaAs, InAs, Si, Ge and sapphire after multiple
pulse femtosecond laser irradiation in the wavelength range from 800 — 2100 nm. High
spatial frequency periodic structures were observed on surfaces of InP, GaP, GaAs and
sapphire. The periods of the structures were 4.2 — 5.1 times smaller than the free space
wavelength of the incident radiation. Conditions required for formation of these ripple
structures were identified.

The second series of experiments dealt with the analysis of the final state of the
material after the cutting of grooves in InP under conditions potentially encountered in
practical applications. The experiments can be grouped into three sets of investigations.

In the fourth set of investigations, the ablation rate for grooves micromachined
with = 150 fs pulses centered around 800 nm was investigated as a function of pulse
energy, feed rate, number of passes over the same groove, and the light polarization
relative to the cutting direction. A logarithmic dependence of the groove depth on the
laser fluence was observed with two regimes characterized by different ablation rates and
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different thresholds. The groove depth was found to be inversely proportional to the feed
rate or equivalently, linearly proportional to the effective number of pulses delivered.
With multiple passes over the same groove the depth was found to increase linearly up to
approximately 20 consecutive passes. Above 20 passes the ablation rate decreased until a
depth limit was asymptotically approached. The best results in terms of groove geometry
and depth limit were obtained for grooves cut with the polarization of the beam
perpendicular to the cutting direction.

In the fifth set of investigations, the residual strain fields resulting from laser
micromachining of grooves in InP with femtosecond and nanosecond pulses centered
around 800 nm were analyzed using a spatially resolved degree-of-polarization
photoluminescence technique. Significant differences in the geometry of the strain
patterns were observed in grooves machined in the two temporal domains. The
experimental data were compared with results from a finite element model.

In the sixth set of investigations, grooves micromachined in InP with femtosecond
and nanosecond pulses were investigated by cross-sectional transmission electron
microscopy. Substantial densities of defects, extending over a few microns in depth, were
observed beneath the grooves machined with femtosecond pulses. The high peak power
density and the stress confinement caused by irradiation with femtosecond pulses, along
with incubation effects, were identified as the major factors leading to the observed
plastic deformations.
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Chapter 1

Introduction

1.1 Overview

Laser modification of semiconductors has been an area of intensive applied and
fundamental research for over three decades. Research has been partially motivated by
the possibility of laser applications in processing of semiconductors, especially in the
electronics and optoelectronics industries. Examples of the processing techniques
investigated include laser annealing, laser assisted chemical etching, laser deposition and
laser removal of material also referred to as laser ablation. Experimental findings have
stimulated interest in the understanding of the physical mechanisms behind laser-matter
interaction, phase transformation and material removal after laser irradiation.

Many advances in the field of laser modification of semiconductors and other
materials resulted from the development of amplified ultrashort pulse lasers within the
past decade. In the context of laser science, the term ultrashort or ultrafast refers to the
subset of pulsed lasers capable of producing light pulses with sub-picosecond pulse
duration (1 ps = 10'%s). Ultrafast laser pulses have a number of unique characteristics,
which are particularly advantageous in high precision laser ablation. First, very high peak
intensities can be achieved with relatively low pulse energies. For example, 1 pJ, 100 fs
pulse focused to 10 um spot diameter leads to peak intensity on the order of 10'* W/em?.
At such intensities, nonlinear optical processes become significant and lead to enhanced
absorption, even in materials normally transparent at the laser wavelength. Second, the
pulse width is shorter than the time required for hydrodynamic expansion and material
removal. Consequently the energy deposition occurs at solid-state densities leading to
very strong excitation. The effects of heat conduction can also be neglected on the
timescale of laser-matter interaction. Furthermore, since the energy deposition and
material removal are temporally separated there is no interaction of radiation with the
ejected material. The combined effect is an enhancement in the localization of energy
deposition leading to increased lateral and vertical precision of the ablated features with
reduced heat and shock affected zones. During the past decade laser microprocessing or
micromachining with ultrashort pulses has been shown to yield superior results compared
to micromachining with nanosecond and longer pulse lasers. With constant advances in
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ultrafast laser technology, femtosecond micromachining workstations are beginning to
enter the mainstream industrial market.

The material presented in this thesis deals with femtosecond laser ablation and
micromachining of indium phosphide (InP). InP is a widely used III-V compound
semiconductor especially in optoelectronics and high-speed electronic applications. At
the beginning of my graduate studies femtosecond laser modification and
micromachining of InP had not been investigated and virtually no literature on the subject
was available. The choice of InP was also influenced by the availability of high quality
samples and the fact that the electronic, optical and physical properties of InP are very
well characterized. Furthermore, InP is a direct bandgap semiconductor, which allows
the use of optical analysis such as polarization resolved photoluminescence imaging.
Lastly, many of the researchers in the Department of Engineering Physics at McMaster
University use InP in device research, therefore any promising results and processing
techniques developed would have been immediately transferable to device modification
or repair.

1.2 Contributions to the Field

The work reported has been previously published in the form of five refereed
journal articles and one manuscripts accepted for publication, which address both the
fundamental and the applied aspects of femtosecond laser ablation of InP. The
experiments are most conveniently divided into two sets of investigations: the single and
multiple pulse ablation of stationary samples described in Chapter 4, and micromachining
and analysis of grooves cut in InP described in Chapter 5. ;

The first series of experiments dealt with scanning and transmission electron
microscopy analysis of single-pulse laser ablation craters on the surfaces of InP and GaAs
after irradiation with 130 fs light pulses at center wavelength around 800 nm. The
ablation threshold fluences were also obtained for both compounds. The single-pulse
ablation threshold measurements of InP were then extended to wavelengths of 400, 660,
1300 and 2100 nm. These studies were the first systematic investigation of the
wavelength dependence of the ablation threshold in InP, covering the transparent and
opaque regions of this semiconductor. In further studies of multiple pulse ablation of InP,
high-spatial frequency periodic surface structures, commonly referred to as ripples, have
been observed after irradiation of InP at wavelengths in the transparency region. The
spatial periods of the ripples were substantially shorter than the wavelengths of the
incident laser fields. Additional experiments were conducted on other compound and
elemental semiconductors and conditions required for formation of these structures were

“identified,

The second set of experiments was a progression from single and multiple pulse
irradiation of stationary samples to scribing and cutting of grooves in InP under
conditions potentially encountered in practical applications. The ablation rate for
micromachining of grooves in InP was investigated as a function of pulse energy, feed
rate, number of passes over the same groove, and the light polarization relative to the
cutting direction.  This was the first systematic study of femtosecond laser



Ph. D. Thesis by Andrzej Borowiec, McMaster University, Department of Engineering Physics 3

micromachining of InP. In further post mortem analysis, polarization and spatially
resolved photoluminescence measurements were performed to image the strain fields
resulting from femtosecond and nanosecond laser micromachining of grooves.
Significant differences in the geometry of the strain patterns were observed in grooves
machined in the two temporal domains. Further cross-sectional transmission electron
microscopy analysis was conducted to study the details of the microstructure and the
collateral damage in the vicinity of grooves micromachined by femtosecond and
nanosecond laser pulses. These investigations were the first detailed studies of the
residual strain and material microstructure in the vicinity of laser micromachined grooves.

[ was the primary contributor to most of the experimental realization and writing
of the majority of the manuscripts presented. 1 was responsible for the purchase, the
design and the assembly of most of the experimental apparatus as well as building of the
laser analysis tools, such as autocorrelators, frequency resolved optical gating setup and
writing of all control and acquisition software. [ performed all laser ablation and
machining experiments as well as all scanning electron microscopy, optical microscopy
and the data analysis. In all cases my supervisor Dr. Harold Haugen was instrumental in
preparation of the final manuscript, and provided invaluable support and input on data
analysis, interpretation of results, discussion and critical review. Several researchers in
the departments of engineering physics and materials science at McMaster University
collaborated with us and co-authored three publications presented in this thesis, they were
Dr. George Weatherly and Dr. Maureen McKenzie, Dr. Daniel Cassidy and Dr. Doug
Bruce, Dr. Martin Couillard and Dr. Gianluigi Botton. Acknowledgements specific to
each publication will be included at the beginning of the section where each paper is
presented.

1.3 Thesis Outline

Chapter 2 provides a brief literature review of the key experiments in the study of
dynamics and the analysis of the final state of materials particularly relevant to
experiments and results presented in this thesis. Chapter 3 includes the details of the laser
system, experimental setup and the analytical techniques used in sample preparation and
analysis. All experimental results published in the form of journal articles are included in
Chapters 4 and 5. Due to the diversity of experiments performed, the discussion of
potential follow up work is presented at the end of each section in Chapters 4 and 5.
Chapter 6 concludes the thesis with a summary of the key results and provides a broader
outlook for the field of femtosecond laser machining.



Chapter 2
Background

2.1 Introduction

This chapter includes a brief literature review of the key experiments in the study
of the dynamics of ultrafast ablation and the analysis of the final state of InP after
irradiation with femtosecond laser pulses. A more detailed literature review, specific to
each set of experiments, can be found in each of the papers presented in Chapters 4 and 5.
The current state of understanding of the ablation mechanism obtained from numerous
experimental and theoretical investigations is also presented.

2.2 Literature Review

The behavior of semiconductors under intense optical excitation has been studied
since the early development of lasers. The initial experiments were motivated by
possibilities of using lasers in annealing of semiconductors, more specifically annealing
of ion-implanted silicon [1]. Up to the late 1970s most of the investigations were
performed with continuous wave and nanosecond lasers. Pulses in the picosecond range
become available after the development of modelocked Nd:YAG lasers. Liu er al
performed the first experiments on the melting and resolidification of Si irradiated by 30
ps pulses at wavelengths of 532 and 266 nm [2]. In follow up experiments, Liu et al.
investigated the phase transformation by time resolved reflectivity and charged particle
emission techniques and reported evidence of carrier thermalization on a timescale
shorter than 10" sec [3]. These results stimulated interest in ultrafast kinetics, especially
phase transformation after intense optical excitation.

After the development of mode-locked dye lasers, pulse durations below 100 fs
became available allowing time resolved measurements with femtosecond resolution.
Most of the early work involved the study of the phase transformation by time resolved
reflectivity and time resolved surface harmonic generation. The second harmonic
generation in reflection from the medium can provide structural information related to the
crystal symmetry [4]. Shank et al. applied this technique in the study of structural
changes in silicon excited by 90 fs pulses and observed a transition from the crystalline to
a disordered state in less than 1 ps [S]. In the following years several groups performed
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similar experiments on silicon, gallium arsenide and carbon [6 — 9]. The experimental
results provided evidence of ultrafast melting, which could not be explained by rapid
thermal processes. The idea of nonthermal melting in the presence of a dense electron-
hole plasma was proposed and investigated theoretically [10,11]. The model of the
instability of a laser-excited diamond lattice developed by Stampfli and Bennemann
predicted rapid melting when 15% of the valence electrons have been excited into the
conduction band. Their calculations were consistent with experimental results in
predicting the transition from a diamond lattice to a molten phase within 120 fs after laser
excitation.

The next significant advance in laser technology was the development of
Ti:sapphire lasers and the chirped pulse amplification (CPA) technique [12,13].
Currently Ti:sapphire is the crystal of choice in most amplified ultrafast lasers.
Ti:sapphire has excellent optical and thermal properties, a high damage threshold and
broad fluorescence bandwidth, which can support ~5 fs pulses. Pulse energies in the
millijoule range are easily attainable via CPA. The CPA technique also allows the pulse
duration to be varied from the femtosecond range to a few nanoseconds while keeping all
other beam parameters constant. These aspects of the CPA technique provide a
convenient method of studying the pulse width dependence of various physical processes.
For example, Pronko et al. [14] studied the ablation dynamics with pulse width varying
from 10 ns to 100 fs and observed a decrease in the ablation threshold with decreasing
pulse duration. Similar experiments by other groups have also demonstrated the potential
of femtosecond laser ablation as a tool for precision material modification [15,16].
Cutting, drilling and scribing with femtosecond lasers proved to yield superior results
compared to machining with conventional lasers. However, the details of the physical
mechanisms behind femtosecond laser ablation were still far from being understood.

The study of dynamics of semiconductors excited by femtosecond laser pulses
was then extended to time-of—flight (TOF) mass spectroscopy in studies of melting and
ablation of Si and GaAs [17,18]. The TOF experiments were supplemented with time
resolved optical microscopy in studies of the transient state of matter during femtosecond
laser ablation [19,20]. The experiments revealed that the removal of material after
femtosecond irradiation occurs on a nanosecond time scale. The results were interpreted
in terms of transient thermal processes.

Experiments based on the optical measurements have greatly increased the state of
knowledge of the ablation process. However, structural information can only be deduced
from optical measurements. The direct observation of the atomic structure requires the
use of x-ray or electron diffraction. The availability of high peak power femtosecond
lasers has led to the development of ultrafast x-ray sources and the techniques of
temporally resolved x-ray diffraction were applied to the study of ablation dynamics [21
— 26]. The experimental results provided direct evidence of structural disordering on a
femtosecond timescale. Most recently, the study of phase transformation dynamics was
also extended to ultrafast electron diffraction [27], which allows observation of the short
range order-disorder transition during phase transformation.

In addition to experimental work, numerous groups studied the ablation process
analytically and numerically. Many models have been proposed to explain various
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aspects of the femtosecond ablation process including: ultrafast laser pulse absorption by
solid targets [28,29], femtosecond heating [30], expansion [31,32], stress generation
[33,34], and defect capture and formation of periodic surface structures on semiconductor
surfaces [35].

In recent years, a number of researchers applied molecular dynamics (MD)
simulations to modeling of the ablation process [36 — 42]. In MD models, the material is
described as a 2 or 3 dimensional lattice of interacting spheres, with translational and
internal degrees of freedom. The motion and interaction is described by a classical
formalism and in some cases a hybrid simulation approach involving MD and heat
conduction [39]. MD simulations allow one to follow the evolution of the irradiated
material from the energy deposition to the final state of the material. A number of
predictions obtained from MD models have been confirmed experimentally including:
decreases of the ablation threshold with decreasing pulse duration, the logarithmic
dependence of the ablation rate on fluence and high transient pressures associated with
the ablation process. Unfortunately, the limitation of MD models is the small cell sizes
and full microscopic description of the ablation process is still beyond present
computation capabilities. With ongoing advances in the computer technology MD
models show a definite promise in aiding the understanding of the physics of ablation
processes.

2.3 Dynamics of Femtosecond Laser Ablation

The experimental and theoretical investigations summarized above lead to a
substantial improvement in the physical understanding of the ultrafast laser ablation
process. The dynamics of the ablation process can be roughly divided into several stages:
energy absorption, energy transfer to the lattice and subsequent material removal. A brief
summary of each stage will be outlined below and a much more complete discussion can
be found in Ref. 43, Chapter 13 and references therein.

2.3.1 Energy Absorption

The first step of the ablation process is deposition of energy into the material. In
semiconductors the primary absorption mechanism involves excitation of electrons from
the valance to the conduction band (interband) and free carrier absorption (intraband).
The interband excitation can occur if the photon energy of the incident field is higher than
the bandgap energy of the semiconductor. The bandgap of InP is 1.34 eV, which
corresponds to wavelength of = 930 nm. If the semiconductor is transparent at the laser
wavelength the interband excitation can occur through nonlinear processes, such as multi-
photon excitation and avalanche ionization, provided that the laser intensity is high
enough. Nonlinear absorption is very important in femtosecond interaction due to the
high intensity of the incoming radiation, on the order of 10" — 10" W/em? near the
ablation threshold [44,45].

Electrons promoted to the conduction band by linear or nonlinear excitation can
absorb the laser energy via the process of free carrier absorption. If the kinetic energy
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gained by the free electron exceeds the bandgap energy of the semiconductor, excitation
of an additional electron across the bandgap can occur by impact ionization. The process
is then repeated resulting in avalanche ionization and a rapid buildup of electrons in the
conduction band. The free carrier absorption becomes significant with increasing density
of electrons in the conduction band. Near the ablation threshold the carrier density in the
conduction band of a semiconductor is on the order of 10 cm™. The absorption depth
for 800 nm radiation, estimated based on the Drude model, is on the order of 100 nm,
which is comparable to the linear absorption depth in InP.

Of course, during the laser-material interaction all of the processes occur
simultaneously and it is difficult to estimate the contribution of each channel. Due to the
complexity of the process, it is also difficult to calculate or measure the effective
penetration depth of the radiation and therefore the initial carrier distribution.

2.3.2 Energy Transfer

At the end of the laser pulse, electrons thermalize within the electron subsystem
via carrier-carrier scattering in several tens of femtoseconds. The energy transfer from
electrons to the lattice occurs via carrier—phonon scattering on a timescale ranging from a
few 100 fs to a few picoseconds, depending on the material. Since the electrons and
lattice are not in equilibrium this situation is often described by a two temperature model,
where a distinction is made between the electron and the lattice temperature [16,43]. In
the quantitative treatment, the energy transport by ballistic and diffusive propagation of
electrons out of the laser interaction volume also has to be taken into account [45,46].

In semiconductors, energy transferred to the lattice leads to rapid melting. Time
resolved experiments performed on Si [6], GaAs [7,17,18], InSb [23,47] and InP [48]
indicate that melting can be thermal or nonthermal in nature depending on the excitation
fluence. Both processes exhibit a definite threshold behavior. After the threshold fluence
for thermal melting is exceeded the semiconductor will undergo a transition from the
solid to liquid phase on a time scale of a few picoseconds. With a further increase in laser
fluence non-thermal melting occurs in less than 1 ps. In InP irradiated with ~150 fs
pulses, the thermal melting was observed in | — 2 ps while non-thermal melting was
observed within 400 fs after irradiation. The nonthemal melting is attributed to excitation
of a dense electron plasma in excess of 15% of the valence electrons, leading to
destabilization of the diamond lattice [I1]. Since the timescale for mass transport is
significantly longer than for non-thermal or even thermal melting, the melted material is
left at near solid state densities and a high initial temperature. The subsequent processes
of material removal have been described in terms of transient thermal processes.

2.3.3 Subsequent Processes

Following melting, the hydrodynamic expansion of the ablated material begins a
few 100 ps after the initial excitation [19,20]. In spite of numerous investigations the
fundamental mechanisms leading to the material removal are still rather poorly
understood.  Several different ablation mechanisms were identified in theoretical
investigations including: spallation, explosive boiling and vaporization [31,32,36 - 41].
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The onset of a particular expansion mode depends on the amount of energy absorbed by
the material.

Spallation occurs at a fluence slightly exceeding the ablation threshold, and refers
to ejection of a complete layer of material induced by material fracture due to internal
stress buildup brought on by constant volume heating. The pressure buildup is released
by hydrodynamic expansion and emission of a strong pressure wave. The passage of the
pressure wave leads to material fracture parallel to the surface of the sample.

At a higher fluence, or in materials where spallation might not apply, the
expansion of material can occur through explosive boiling, also known as phase
explosion. In phase explosion, the melted material enters a liquid-gas metastable state
during expansion and homogenous nucleation of gas bubbles sets in, leading to formation
of a heterogeneous phase of gas and liquid droplets. Phase explosion is believed to be the
primary mechanism in femtosecond ablation below the threshold for plasma formation
[42].

At a high enough excitation fluence the surface layer of the material can be
completely atomized and material removal proceeds by process vaporization. In this case
the term vaporization is used rather loosely as it does not refer to evaporation from the
surface layer. Instead vaporization describes complete dissociation of the material as the
energy absorbed exceeds the cohesive energy of the lattice.

2.3.4 Final State of Material

Despite the energy input in ~ 100 fs, the entire ablation process occurs on time
scales of several 10 ns. For example, the resolidification time for InP is around ~25 ns
[48]. The final state of the material, i.e. morphology, crystal structure and chemical
composition, depends on the amount of absorbed energy, material removal mechanism
and subsequent cooling rates. Ablation experiments are usually performed with laser
beams that have a near Gaussian spatial profile, therefore energy deposition varies across
sample surface. Due to the threshold nature of ultrafast ablation processes, several
characteristic morphological regions are typically observed within an area irradiated by a
single pulse. In post mortem analysis, characterization of the fluence dependence of the
lateral dimensions of various features, crater profiles, local changes in crystallography
and chemistry can be related to various dynamical mechanisms. For example, changes in
crystal structure, such as, formation of amorphous or polycrystalline regions, can be
related to the local heating and cooling rates. Formation of crystal defects can be related
to peak pressures attained during the ablation process, and the analysis of the depth of the
ablation craters can provide an estimate of the energy deposition profiles.

In addition to purely fundamental studies, the post mortem analysis can provide a
wealth of information relevant for practical applications of lasers in material processing
and micromachining. For example, the ablation threshold and ablation rates can be
readily obtained from the analysis of the final state by measuring the fluence dependence
of the ablated volume or crater depths. Changes in mechanical, optical and chemical
properties of the samples can have important consequences in various applications and
can put limits on the applicability of the laser machining.  Alternatively, laser
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modification of chemical and physical properties of surfaces might be beneficial in some
applications.

2.4 Laser Ablation and Processing of InP

In recent years, nanosecond and picosecond laser processing of InP has been
reported by a few groups. The investigations include laser-induced order-disorder
transitions [49], laser-stimulated nonthermal particle emission from InP surfaces [50],
electronic desorption from InP surfaces [51] and soft laser sputtering of InP surface
irradiated with nanosecond laser pulses [S52]. Bonse et al. [53] reported the first work on
femtosecond laser ablation of InP. The authors measured the ablation rates and the
ablation thresholds of InP after irradiation with 130 fs, 800 nm pulses. Argument et al.
[54] performed a similar set of measurements and their results were in good agreement
with work reported by authors in Ref. 53. In subsequent experiments the detailed studies
of the final state of InP after femtosecond irradiation were performed with optical,
scanning probe microscopy and micro-Raman spectroscopy [55,56]. In parallel studies
utilizing transmission electron microscopy of single pulse ablation craters were reported
[57] with the emphasis on characterization of the microstructure and the chemical
composition of the ablation craters. Experiments on multiple pulse irradiation of InP with
femtosecond laser pulses centered around 1300 nm and 2100 nm revealed the formation
of high spatial frequency ripple structures on the surface of InP and other compound
semiconductors [58]. Similar structures were previously observed on surfaces of various
dielectrics and ceramics [59- 64]. The spatial period of these ripples was significantly
smaller than the wavelength of the incident light in contrast to classic ripple structures
where the spatial period is close to the wavelength of the excitation pulse [65 — 67].

The experiments involving irradiation of stationary targets were followed by a
study involving micromachining of grooves where the sample was translated at constant
speed relative to the stationary laser beam [68]. The main goal of these experiments was
analysis of the ablation rate and morphology of grooves. The analysis was also extended
to analysis of strain fields resulting from laser micromachining of grooves in InP. The
method of polarization resolved photoluminescence was applied in the analysis and
revealed significant differences between grooves machined with femtosecond and
nanosecond pulses [69].

In addition to laser ablation, work on laser-assisted dry etching of InP involving
the use of excimer lasers in the presence of a halogen atmosphere has been reported [70,
71]. Prasad ef al. [70] used a gas mixture of chlorine diluted in helium in an investigation
of etch rates with 308 nm irradiation. Laser-assisted (308 nm) dry etching of InP in low-
pressure chlorine atmospheres at fluences lower than the ablation threshold have been
studied by Wrobel et al. [71]. Matz et al. have demonstrated a practical application of
this technique in dry etching of integrated InP micro-lenses using a 248 nm excimer laser
[72]. These chemically-assisted laser etch schemes using nanosecond UV lasers offer an
interesting, complementary approach to direct writing with femtosecond laser pulses.
Biuerle [43] provides a comprehensive overview of theory and experiments of laser
assisted etching,
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Currently, semiconductor processing largely involves well-established
photolithography technology and it is unlikely that direct laser patterning would replace it
in the near future. However, the ultrafast laser ablation can play an important role in
dicing [73], prototyping, device repair [74] and semiconductor failure analysis, where
successive layers can be precisely removed to expose transistor layers in a die.



Chapter 3

Experimental Setup and Procedure

3.1 Introduction

This chapter provides the description of the femtosecond laser system, the ablation
setup and the experimental method, and all diagnostic tools used in sample analysis.

3.2 Femtosecond Laser System

All experiments reported in this thesis were performed with a commercial
amplified Ti:sapphire laser system, that consists of a femtosecond oscillator, a
regenerative amplifier and an optical parametric amplifier pumped by a separate
femtosecond amplifier.

3.2.1 Femtosecond Oscillator

The first part of the laser system is the Tsunami Ti:sapphire oscillator (Spectra
Physics). Tsunami is pumped longitudinally by the Millennia V (Spectra Physics) -
neodymium yttrium vanadate (Nd:YVQO,) laser at a wavelength around 532 nm. The
Tsunami produces 10 nJ, 90 fs pulses at a repetition rate of 82 MHz centered around the
wavelength of 800 nm with a ~ 10 nm bandwidth (full width at half maximum). Under
typical operating conditions only ~ 3 nJ are required to seed the amplifier.

3.2.2 Femtosecond Amplifier

The second part of the laser system is the Spitfire LCX Ti:sapphire regenerative
chirped pulse amplifier (Spectra Physics). The majority of the amplifier systems in use
today are based on a chirped pulse amplification (CPA) process [12,13]. Ultrafast pulses
cannot be amplified directly since the peak intensity would exceed the damage threshold
of optical components during the amplification process. This problem is avoided in CPA
by stretching the pulse in time prior to amplification, hence lowering the peak intensity
below the damage threshold of the optical components. The pulses are stretched in time
by introducing a specific amount of dispersion with a grating or prism stretcher. The
stretched pulse is then amplified in a multi-pass amplifier cavity. Afler amplification the

13
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pulse is recompressed approximately to the original duration by a grating or prism
compressor. The principle of CPA process is shown in Fig. 3.1 with pulse durations and
pulse energies typical of the Spitfire LCX amplifier.

Pulse Solid state Pulse
stretcher amplifier compressor
: »

_*_...W.AMA,. e __—-A——_ - . .. e e o v e
Input pulse Stretched input pulse Amplified pulse Compressed pulse
T~90fs ilOOps T~ 100 ps T~ 130fs
E~3nJ E~3nl E~350pJ E ~ 300 pJ

Figure 3.1: The principle of the chirped pulse amplification (CPA) process. Pulse durations and pulse
energies shown at each stage are typical for the Spitfire LCX.

A schematic of the Spitfire LCX cavity is shown in Fig. 3.2. The input pulses are
stretched from ~ 90 fs to ~100 ps, resulting in reduction of the peak pulse intensity by a
factor of ~10°. The stretched, s-polarized train of pulses is coupled into the amplifier
cavity by a reflection off the Ti:sapphire crystal facet. The first Pockels cell (PC1) is
activated for ~10 ns and the polarization of a single pulse is rotated from s- to p-
polarization. The amplifier cavity is designed for p-polarized operation; therefore only
the rotated pulse will match this condition and the rest will experience high loss. The
Ti:sapphire crystal is pumped by a pulsed 5 mJ Nd:YLF laser, a Merlin (Positive Light)
operating at a | kHz repetition rate. In a single pass through the crystal the pulse energy
only increases by a factor of 2 — 3. Therefore amplification by a factor of ~10° requires
multiple passes through the crystal. The buildup of the energy inside the cavity is
monitored by a photodiode (PD) located behind one of the cavity mirrors. The pulse
circulates in the cavity until gain saturation is reached. Once the saturation is reached, the
second Poekels cell (PC2) is activated and the polarization of the amplified pulse is
rotated from p- to s-polarization. The amplified pulse is ejected from the cavity by
reflection from the thin film polarizer (TFP) and recompressed to ~ 130 fs with a grating
compressor.

Stietched  ©
input pulse

Pump laser HR - Output pulse ©

3 mlpulse

532 mm
/ N PC2 i
4 A \\ H — ! .

v

Iﬁ{ Tisapphire - 5
rod TP R P
Figure 3.2: Schematic of Spitfire LCX amplifier cavity. HR - high reflector, TFP - thin film polarizer, PC -
Pockels cell, PD — monitor photodiode.

Chirped pulse amplification enables access to pulse durations spanning several
orders of magnitude while maintaining all other laser parameters constant, such as
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wavelength, pulse energy and spatial beam profile. Fully compressed pulses have pulse
widths around 130 fs and the pulse duration can be increased up to ~100 ps by detuning
the grating compressor. In the absence of a short seed pulse, the lasing action is initiated
by spontaneous emission and a pulse duration = 8 ns can be obtained in this mode of
operation. Nanosecond pulses obtained from an unseeded amplifier were used in several
experiments aimed at comparison of laser machining in femtosecond and nanosecond
temporal domains. The same method was previously used in studies of pulse width
dependence of laser ablation and micromachining [14,16].

Typically the amplifier was operated at the center wavelength of 800 nm. In a
number of experiments, 400 nm pulses were obtained by frequency doubling the output of
the Spitfire beam in a 0.3 mm beta barium borate (BBO) crystal cut for type I phase
matching.

3.2.3 The Optical Parametric Amplifier (OPA)

The high intensity of femtosecond pulses allows for very efficient conversion to
near infrared wavelengths in the range of 1100 — 3000 nm using an optical parametric
amplification process (OPA). The OPA is based on difference-frequency mixing of two
beams in a nonlinear crystal. A weak signal beam at frequency a is sent through the
crystal in the presence of an intense pump beam at frequency @, where @,> @. During
propagation through the crystal, energy is transferred from the pump beam to the signal
beam. In addition a third beam is generated radiating at the difference frequency ;=
(@ - @), commonly called the idler beam. The signal and idler beams have
perpendicular polarizations and can be easily separated by polarization sensitive optics. A
typical near infrared OPA, pumped by a Ti:sapphire laser around 800 nm, provides a
signal wavelength between 1100 - 1600 nm and an idler wavelength between 1600 - 3000
nm.

In all experiments presented in this thesis, pulses in the 1100 — 3000 nm
wavelength range were obtained from a commercial OPA - 800 (Spectra Physics), which
was pumped by a sub-50 fs Spitfire (Spectra Physics). The signal and idler beams were
typically tuned to wavelengths around 1300 nm and 2100 nm respectively. Further
wavelength extension is possible by frequency doubling the signal and idler beams. In
some experiments, pulses centered around 660 nm were obtained by frequency doubling
the signal beam in a 2 mm BBO crystal cut for type | phase matching.

3.3 Laser Ablation Setup

The schematic of the beam delivery and the ablation setup is shown in Fig. 3.3.
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Figure 3.3: Schematic of the beam delivery and the ablation setup, M ~ mirror, BT — beam tube, L - lens, |
— iris, PD - photodiode, HWP — half wave plate, TFP — thin film polarizer.

The beam from the Spitfire was directed to the ablation setup by four dielectric mirrors
(M1-M4) and the OPA beam was brought from the opposite end of the table by two gold
mirrors. Mirror M4 was mounted on a kinematic base plate and allowed us to easily
select either the OPA or Spitfire beam. Since the beams traveled several meters between
the lasers and the ablation setup they were enclosed in beam tubes (BT) to minimize
instability caused by air currents. The selected beam, which was initially =10 mm in
diameter, was reduced in size by a beam condenser, constructed from a f = 50 cm
achromatic doublet (L1), and a /= - 20 cm plano-concave singlet lens (L2), to a diameter
of = 4 mm. The typical beam profile of an 800 nm beam after the second lens L2 is
shown in Fig 3.5. The pulse energy of the Spitfire was typically between 200 - 300 pJ,
which is at least two orders of magnitude higher than required for most experiments.
Therefore, the initial pulse energy of 800 nm beam was adjusted to I — 10 pJ with a zero
order half wave plate (HWP - ORP44-3, Newport) and a thin film polarizer (TFP -
11BO0UP.26, Newport). In experiments performed with pulses at 400 nm, the 0.3 mm
beta barium borate (BBO) crystal was placed after the thin film polarizer. The initial
energy of pulses at 400 nm was controlled by adjusting the pulse cnergy of the Spitfire
beam. In experiments utilizing pulses from the OPA, the half wave plate and polarizer
were removed since the maximum pulse energy was typically less than 20 plJ for both
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signal and idler beams. After the polarizer, the dielectric mirrors M5 and M6, chosen for
an appropriate wavelength, were used to align the beam through irises Il and 12 before
the main setup. During the experiments, the pulse energy was controlled with a set of 1
mm thick, reflective, neutral density filters (Model 5249, New Focus). The filters were
mounted in two filter wheels and allowed power adjustments in optical density steps
(OD) of 0.1 (OD = log(//l,) where [ is the laser intensity). The two filter wheels were
mounted on custom built rotation stages and the position of each of the wheels was
controlled manually or by computer via an RS-232 interface. While using a half-wave
plate and a polarizer would have allowed the power to be varied continuously, the neutral
density filters were chosen since we routinely worked with a wide range of wavelengths.
The neutral density filters have a relatively flat response between 400 ~ 3000 nm and
were much more cost effective and practical than multiple sets of waveplates and
polarizers.

The laser exposure time (or the number of pulses delivered to the sample) was
controlled by a mechanical shutter (VS25 with VMM-DI1 controller, Uniblitz). The
shutter had a minimum exposure time of 10 ms. Shutter blades are made of highly
polished stainless steel and while the shutter was closed the beam was reflected onto a
photodiode (PD). The photodiode was used to monitor the intensity of the laser during
experiments. The calibration procedure of the photodiode is discussed in Section 3.4.1.
Beyond the shutter, the beam was delivered to the focusing optic by two silver mirrors,
M7, M8 and one dielectric mirror M9. In several early experiments a 10X microscope
objective (M - 10x, Newport) was used as a focusing optic. However, in most of the
experiments the focusing optic was a 5X microscope objective (M - 5%, Newport). The
use of this objective allowed focusing of the laser to a spot diameter of approximately 10
um, with a working distance of roughly 1.5 cm. The long working distance was required
for focusing the beam inside of the vacuum chamber through the chamber window. The
vacuum chamber was a custom machined, aluminum vessel with | mm uncoated, fused
silica window. In most of the work reported in this thesis, the sample chamber was
mounted on XY translation stages (UTM150PE.1, Newport) and the focusing objective
was mounted on a separate Z translation stage (M-MFN25PP, Newport). The stages were
controlled by ESP300 controller (Newport) via GPIB interface.  The timing,
synchronization and data acquisition were performed by a computer through general
purpose data acquisition card (PCI-6025E, National Instrument). The control software
was custom written in Visual C++ to allow full automation of most of the experiments. A
dielectric mirror M9 was a high reflector at a laser wavelength but transparent in the
visible region. A confocal CCD camera arrangement, aligned through the dielectric
‘mirror M9, was used to monitor the sample alignment and the machining process during
the course of the experiments,

3.3.1 X-ray Emission from Femtosecond Laser Machining

Focusing high energy femtosecond pulses to a spot size near the diffraction limit
on a solid target leads to the generation of very hot plasmas at near solid state density.
The emission from plasmas generated by ultrafast laser pulses can span an energy scale
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from vacuum ultraviolet (VUV), soft x-ray [75], to hard x-ray [76] up to MeV photons
[77] depending on the excitation fluence. In previous studies, we have investigated x-ray
emission resulting from irradiation of solid targets under typical micromachining
conditions [78]. We have shown that ~ 300 uJ pulses can excite x-rays with the high
energy tail extending up to 25 keV. The majority of the radiation was emitted below 10
keV with the radiation distribution approximated by a blackbody source at 8.9 MK.
Recently, Hagedorn et al. presented similar results in analysis of x-ray generation with
sub-millijoule femtosecond laser operating at 1 kHz repetition rate [79]. Also, Thoss et
al. [80] and Jiang et al. [81] have recently reported on hard x-ray generation with
kilohertz repetition rate systems. Although most of our micromachining experiments were
carried out with pulse energies below 10 pJ, precautions were taken to ensure a safe
operating environment even under maximum pulse energy irradiation. The
micromachining setup was shielded by a 3 mm thick stainless steel sheet from the back
side and leaded acrylic, equivalent to a 0.3 mm of lead, from the front. Furthermore, in
most experiments, even those conducted at ambient pressure, the samples were placed
inside sample chamber providing almost complete shielding.

3.3.2 Vibration and Mechanical Stability

The micromachining setup and the two laser systems were located on separate
optical tables. Due to relatively large distance between the lasers and the micromachining
setup, care was taken to minimize all sources of mechanical or environmental
instabilities. The majority of the beam path between the lasers and the micromachining
setup was enclosed in beam tubes to avoid pointing instabilities caused by air currents.
Optical enclosures were build around the machining setup to further reduced this problem
and protect optics from dust. The enclosures also block any stray beams reflected or
scattered off polarizers, neutral density filters and other optics. Thus in addition to laser
safety glasses, the optical enclosures provide an additional level of eye protection.

The low frequency vibrations caused by external sources, such as traffic,
construction and building vibrations, were quantified by analyzing test patterns
micromachined with a high power objective. A typical test pattern included grids of lines
with spacing of 3 ~ 5 um machined with a 50x objective (M Plan NIR 50x, Mitutoyo).
Mechanical vibrations lead to irregularities in the grid spacing. Based on such tests, the
upper limit on the amplitude of mechanical vibrations was determined to be & | um.

3.4 Laser Diagnostic Tools

3.4.1 Power Measurements

Accurate power measurements were very important since the goal of many
investigations was determination of the ablation thresholds and characterizing the
dependence of various machining parameters on pulse energy or more generally energy
density or fluence. The power measurements in the wavelength range from 400 — 1000
nm and 1300 — 2000 nm were performed with a semiconductor power meter PD300-3W
(Ophir) and with a surface absorbing detector head 2A-SH (Ophir) respectively. The
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accuracies of the semiconductor and the surface absorbing power meter heads were
quoted as £5% and +3% respectively in the wavelength ranges of interest. Fig. 3.4 shows
an example of power measurements at 800 nm made at 20 different neutral density filter
settings with two different semiconductor heads and the thermal head. Measurements
made with three different heads agreed to within £3% over the entire range of pulse
energies. These measurements also confirm the accuracy of the neutral density filters

provided by the manufacturer.
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Figure 3.4: Power measurements made at 800 nm, with three different power meters and OD filter
settings ranging from OD = 0.0 to OD = 2.0.

All meters used measure the average power and have a response time from 0.3 to
1 second and, hence, cannot directly measure the energy of individual pulses. The pulse
energy can be calculated by dividing the average power measured by the repetition rate of
the laser (1 kHz).

In all experiments, the power (pulse energy) was always measured after the
microscope objective and the sample chamber window to account for all throughput
losses. Before each experiment, the power measurements were made at all filter wheel
settings from OD = 0.0 to OD = 2.0 as shown in Fig. 3.4, To account for power
fluctuations or drifts, the power was also measured with the calibrated photodiode (see
Fig. 3.3) during the course of experiments. The photodiode calibration sequence was
performed as follows: ‘

a) First the power after the microscope objective and the window was measured by a
computer based strip chart program for a period of 5 minutes and the average
power (P,,) and the standard deviation (op) were calculated.

b) After the power measurement, the shutter was closed, reflecting the beam onto the
photodiode and the photodiode signal was measured for a period of 5 minutes,
The average signal level (S,.,) and the standard deviation were determined (o).

c) During the course of the experiments, the photodiode signal level (S) was
monitored and the power was calculated by P = S (Pau/Savr).

The obvious disadvantage of this calibration procedure is the fact that the photodiode
reading was not taken at the exactly same time as the power meter reading. This would
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have been problematic in a case of severe laser intensity fluctuations or significant drift of
the output power over a period of several minutes. In practice, this was never a problem.
The calibration sequence was also performed several times during the course of the day to
check for any inconsistencies. In all cases, the photodiode measurements were compared
with the measurements performed with the power meter. The NOVA display unit
(Ophir) has an RS-232 interface and the entire calibration process was automated with
custom software written in Visual C++.

3.4.2 Alignment of the Focusing Objective

Prior to every experiment it was necessary to ensure that the laser was properly
focused on the sample surface. The position of the focus was determined by
micromachining sets of lines on a Si test sample while monitoring the machining process
by a CCD imaging system. During the machining of lines, the pulse energy was
decreased until no surface modification was observed and then increased to slightly
exceed the threshold for visible modification. At this point, adjustment of the focusing
objective relative to the sample surface led to changes in the laser spot size and hence
changes in the fluence. If the objective was at optimum focus, moving the objective up or
down led to defocusing, hence an increase in the spot size on the surface and a decrease in
the fluence below the modification threshold. Conversely, if the objective was not at the
optimum position, moving it either up or down led to an improved focused and an
enhancement in machining. The process was repeated several times until an optimum
position of the objective relative to the sample surface was identified. The focus of the
CCD camera was then adjusted to coincide with the optimum laser focus. After a new
sample was inserted into the chamber the microscope position was adjusted until the
sample appeared in good focus on the TV monitor. This method is still subjective as the
sample appears in focus over the distance of several microns, corresponding to the depth
of focus of the objective. Due to this inherent uncertainty single pulse ablation
measurements were performed on every sample to measure the laser spot size on the
sample surface prior to every experiment. The method of spot size measurecment is
described in section 3.4.4.

3.4.3 Beam Profile Measurements

The spatial profile of the beam was characterized with a Si CCD beam profiler
(BeamStar, OPHIR). The same camera was also used to measure the intensity
distribution of the infrared signal and the idler pulses (1300 and 2100 nm) in a manner
described by Briggman ef al. [88]. Under most of the experimental conditions the beam
profile and the far field profile after the microscope objective closely followed a Gaussian
intensity distribution. Fig. 3.5 shows a typical beam profile of the Spitfire beam after the
beam condenser (see Fig. 3.3).



Ph. D. Thesis by Andrzej Borowiec, McMaster University, Department of Engineering Physics 21

Beam Profile Horizonial Profile Vertical Profile

100 b: 100 €.
80 80
60} 60
40t 40-
20} 20-
0 0 :
32 0 1 2 3 3 a2 a0 T
Distance (mm) Distance (mm)

Figure 3.5: (a) Typical beam profile of the Spitfire beam (800 nm wavelength) after beam condenser (sec
Fig. 3.3) taken with the OPHIR BeamStar CCD beam profiler. The red curve in figures (b) and (c)
represents a Gaussian fit to the intensity distribution along the horizontal and the vertical direction.

3.4.4 Spot Size Measurements

Determination of the laser fluence is essential for characterization of the ablation
process. The peak fluence of a Gaussian beam is given by

0, = 2-E, (3.1

nw?’

where E, is the pulse energy and @, is the spot size, i.e., beam radius measured at 1/e” of
the intensity profile. The accuracy of fluence determination largely depends on the
measurements of the spot size on the sample surface. For tightly focused beams, direct
measurement with a CCD beam profiler (see Section 3.4.3) is limited to relatively large
beams since the typical CCD pixel size is in the range of 20 pm. Specialized CCD beam
profilers for measuring tightly focused beams are available commercially (e.g. Duma
Optronics Inc). These instruments are rather expensive and impractical for in situ
measurements and were not available in our laboratory.

The spot size of tightly focused beams can also be determined by scanning a
knife-edge through the focused beam and measuring the total transmitted signal as a
function of the lateral coordinate of the knife-edge [82— 84]. Although this technique
yields good results, in practice it is difficult to make these measurements in situ for tightly
focused beams, especially ensuring that the plane of the knife-edge scan coincides with
the sample surface.

Lui [85] introduced a convenient technique for measuring spot size of tightly
focused beams by analysis of the lateral dimensions of the ablation craters. This method
was adapted by many groups studying laser ablation and micromachining as it also allows
one to determine the modification threshold of the target material. The diameter (D) of
the ablation crater is related to the energy of the incident pulse by [53]

g

th

D =20 m(—E—"- , (3.2)
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where Ej, is the threshold pulse energy, that is a minimum pulse energy required to
produce permanent material modification. In the analysis, a set of single pulse ablation
craters produced with decreasing pulse energy were prepared on the sample. The crater
diameters were measured as a function of the pulse energy E,; then Ej, and @, were
determined by fitting the data to Eq. (3.2). With the obtained fit parameters the threshold
fluence was calculated with Eq. (3.1). A typical set of experimental data is shown in Fig.
3.6, obtained for InP irradiated by 130 fs, 800 nm pulses, focused with a 5x objective.
The solid line represents the fit to Eq. (3.2).
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Figure 3.6: Spot size measurements of beam focused on the sample surface by a 5x objective.

In this particular experiment, the least squares fit yields a spot size of 5.46 + 0.05 um. In
a larger set of experiments performed over the course of four years, the spot size after the
5x objective varied from 5 to 6 um. This variation is attributed to the inherent
uncertainty in sample positioning with respect to the objective (Section 3.4.2) and
changes in the beam size before the objective.

In addition to my experiments, two other graduate students have undertaken
femtosecond laser ablation research in recent years using the same experimental setup.
During the course of their experiments, they have also consistently measured spot sizes of
approximately 5.5 pm in the ablation of Si and various metals. Comparison of
independent measurements performed with this technique over period of months by
different people can put an upper limit on the uncertainty in spot size measurement of +
0.5 wm, although the uncertainty in any given measurement is expected to be significantly
better.

The threshold energy obtained from the fit depends on the choice of the
morphological feature of the crater followed in the extrapolation. Single pulse irradiation
with pulse energies exceeding the modification threshold leads to the formation of several
characteristic morphological regions. These regions can be associated with various
physical processes, for example melting and ablation, and were investigated extensively
in InP [55]. Trrespective of the feature chosen in the extrapolation, the spot size obtained
from the fit should always be the same. Fig. 3.7 shows an example of measurement
performed on InP irradiated with 130 fs, 800 nm pulses and the /= 50 cm plano-convex
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lens used as a focusing objective. The crater measurements were performed with an
optical microscope (Section 3.5.3).
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Figure 3.7: Outer diameters (D°) of two different modification zones of the irradiated surface of InP,
corresponding to melting and ablation regions indicated in the optical microscope image on the right side.
The solid lines represent least squares fit to Eq. 3.2.

The outside diameters of two different morphological features, indicated in the optical
micrograph in Fig. 3.7, were followed in the extrapolation. The outer feature corresponds
to a melted region and the inner feature, surrounded by a rim, marks the boundary of the
ablated area [55]. In both cases the spot size was measured to be @, = 96 pm. An
independent knife-edge measurement performed in the same setup yield a spot size of @,
= 105 um which is in good agreement with values obtained from D" fit.

Craters produced with tightly focused beams were almost exclusively measured
with a scanning electron microscope (SEM). The melted zone was very difficult to
observe with the SEM and the crater rim was the most distinct feature. Under tight
focusing conditions the rim thickness is significant compared to the total dimensions of
the crater, hence measuring the inside and outside crater diameter yields somewhat
different thresholds as shown in Fig. 3.8. In this set of measurements, the spot size
obtained from the two fits yields 5.1 £ 0.1 um and 4.9 + 0.1 um for outside and inside
diameters respectively. In all experimental measurements presented in this thesis the
crater diameters were always measured to the outside rim diameter. This feature provided
highest contrast and was most easily identified under all microscopy techniques.
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Figure 3.8: Outer diameters (D°) of two different morphological features of the crater shown in the SEM

image produced by irradiation of InP with tightly focused beam. The solid lines represent least squares fits
to Eq. 3.2.

A test of a possible dependence of the measured threshold on the laser spot size was
conducted on InP by varying the position of the 5x objective relative to the sample
surface. Figure 3.9 shows single pulse ablation measurements in the range of spot sizes

of 5.5 to 20.8 um. A maximum variation of the threshold fluence of only = 10% was
observed, with no indication of a definite trend.
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Figure 3.9: Six sets of D" measurements with a laser beam focused on the sample surface by a 5x objective
at various separations relative to the sample surface.

3.4.5 Spectrum Measurements

Spectral measurements in the visible wavelength range were performed with an
array spectrometer PC2000 (Ocean Optics). Spectral measurements in the near infrared
(1000 - 2200 nm) were performed with a scanning grating spectrometer Model 9050
(Science Tech), equipped with a 600 line/mm grating and an InAs detector with a silicon
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filter. The spectral resolution of both of these instruments was better than 1 nm. Typical
spectra of beams around 400, 660, 800, 1300 and 2100 nm are shown in Fig. 3.10.
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Figure 3.10: Typical spectra of: (a) sccond harmonic of the Spitfire after frequency doubling in 0.3 mm
BBO crystal, (b) second harmonic of the OPA signal beam frequency doubled in 2 mm BBO crystal, (c)
130 fs output of the Spitfire, (d) unsceded Spitfire operating in nanosecond mode, (¢) OPA signal beam, (f)
OPA idler beam.

3.4.6 Pulse Width Measurements

The measurement and characterization of ultrashort laser pulses is a non-trivial
problem and it has been an active field of research in itself. The majority of measurement
techniques rely on various autocorrelation schemes. A very good overview of these
techniques can be found in a number of textbooks [86,87]. In experiments presented in
this thesis, interferometric and intensity autocorrelation were routinely used for pulse
width measurements. The autocorrelator was a home built instrument based on a
Michelson interferometer configuration. The input beam was split into two replicas by a
broadband, | mm thick beam splitter (FO002, Femtolasers). The beam in each arm was
retro-reflected by a gold mirror and the two beams were recombined by the same beam
splitter. In the interferometric configuration the two beams were superimposed and sent
through a nonlinear crystal. In the intensity or background free configuration the beam in
one arm was horizontally displaced by ~ 4 mm relative to the other beam. The two
parallel beams were recombined by the same beam splitter and focused in the nonlinear
crystal at a shallow angle by a lens or a gold off-axis parabolic mirror. For routine
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measurements, a 0.3 mm BBO crystal cut for type I phase matching was used as the
nonlinear medium. In the interferometric configuration Si and InGaAs photodiodes were
also used as nonlinear elements for autocorrelation measurements around 1300 and 2100
nm, respectively [88]. The path length of one arm was scanned by a translation stage
with a motorized micrometer (DC Encoder Micrometer, Oriel). The signal from the
detector was acquired with at box-car integrator (SR250, SRS) and computer acquisition
card (PCI-6025E, National Instruments). Fig. 3.11 shows a schematic of interferometric
(a) and intensity (b) autocorrelator configurations and typical autocorrelation traces of the
Spitfire pulses obtained in each configuration.
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Figure 3.11: Schematic of (a) an interferometric and (b) intensity autocorrelator geometry along with
typical autocorrelation traces of 130 fs Spitfire beam.

A second harmonic frequency resolved optical gating technique (SH-FROG) was
used for more detailed pulse characterization. The configuration of this instrument is
identical to that of an intensity autocorrelator shown Fig. 3.11(b) with the photodiode
replaced by a fiber coupled spectrometer (PC2000, Ocean Optics). During a scan, a
spectrum is recorded at each delay step forming a two-dimensional map of second
harmonic wavelength vs. delay. A commercial inversion algorithm (Femtosoft
Technologies) was used to retrieve the pulse shape. A typical SH-FROG trace and the
retrieved pulse shape are shown in Fig. 3.12.
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Figure 3.12: Second harmonic frequency resolved optical gating (SH-FROG) analysis of OPA signal beam
centered around 1300 nm (a) SH-FROG trace, (b) temporal pulse shape retrieved, (c) intensity
autocorrclation calculated based on the retrieved pulse shape (red) and measured independently (black), (d)

signal spectrum of the pulse retrieved from the FROG trace (bluc) and measured independently (black).

In several experiments utilizing pulses from an unseeded Spitfire cavity, the pulse
duration was measured with a fast Si PIN photodiode (DET210, ThorLabs) with a 1 ns
rise time. The pulse shape was recorded with a 400 MHz oscilloscope (TDS 3032B,
Tektronix). Fig. 3.13 shows the pulse shape from the unseeded Spittire cavity and the

impulse response of the photodiode detector.
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Figure 3.13: Pulse width measurement of an unsecded Spitfire amplifier. The impulse response of the
detector is shown as a dashed line trace.

3.4.7 Single and Multiple Pulse Ablation Experiments

In experiments dealing with single and multiple pulse ablation, it was necessary to
select a known number of pulses from the 1 kHz pulse train. The number of pulses
delivered can be controlled in a several ways, for example, by using a combination of a
Pockels cell and a polarizer; a fast mechanical shutter with minimum exposure time less
than | ms; or by reducing the repetition rate of the amplifier to 100 or 10 Hz and using a
slower mechanical shutter. Initially, the last method was adapted as it is the easiest and,
by far, the least expensive. However, reducing the repetition rate of the amplifier to 10
Hz changes the thermal loading of the amplifier and leads to a decrease in the output
pulse energy. A decrease of pulse energy in the range of few percent was not problematic
in experiments utilizing pulses from the Spitfire LCX amplifier. The change in steady
state conditions of the sub-50 fs Spitfire was a greater concern since that system was used
to pump the OPA. The OPA is very sensitive to laser intensity fluctuations since it relies
on nonlinear processes for wavelength conversion. A decrease of the OPA pump pulse
energy by a few percent translated into a decrease in the OPA output pulse energy by as
much a 50%. To avoid problems associated with changing the steady state condition of
the laser caused by reducing the repetition rate, the repetition rate was decreased by using
a phase locked optical chopper. The optical chopper (MC1000, ThorLabs) with a 10 slot
wheel was phase locked to a sub-harmonic of the amplifier repetition rate yielding a 500
Hz pulse train. Blocking 9 out of 10 slots in the chopper wheel further reduced the
repetition rate to 50 Hz allowing for the use of a slower mechanical shutter, while
maintaining | kHz amplifier operation.
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Figure 3.14; Detailed schematic of synchronization and acquisition.

With the pulse repetition rate reduced to 50 Hz, the single pulse ablation experiments
were performed as follows: '

a) After the single pulse routine was initiated, the computer was armed and waited
for the trigger from the chopper controller.

b) Following the trigger pulse, the voltage reading from the photodiode was
acquired, recorded and the shutter was opened for 20 ms, allowing 1 pulse to
reach the sample.

c) The translation stage was moved to the new position by a specified step size, the
filter wheel was advanced to the next position and the process was repeated until a
specified number of craters were produced.

d) The log file containing a voltage reading at each filter wheel setting was recorded
for each run.

3.4.8 Scribing and Groove Cutting Experiments

In the experiments involving groove cutting the individual pulse energy
measurements were not required. Instead, the average power was measured with the
power meter at all filter wheel settings prior to the experiments. Three basic types of
experiments were routinely performed involving characterization of the groove depth as a
function of the pulse energy, the feed rate and the number of consecutive passes over the
same area. The sequence of these experiments was as follows:

a) After one of the routines was initiated, a groove of specified length was cut by
translating the sample relative to the stationary beam at a specified feed rate
between 50 to 1000 pm/s.

b) The sample was then moved to a new position, the filter wheel was advanced to a
new setting and the process was repeated until a specified number of grooves was
cut.
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3.5 Analytical Tools
3.5.1 Scanning Electron Microscope (SEM)

The SEM was the primary tool used for post mortem sample analysis to assess
surface morphology, lateral dimensions of ablation features and the depth of the grooves
viewed in cross-section. All SEM analysis was performed with the SEM 515 (Philips).
In most cases, the accelerating voltage was set to 20 kV and the measurements were made
at magnifications between 1000 and 20000 times at tilt angles from 0 — 30°. The
subjective and instrumental uncertainties in measurements were estimated by analysis of
the calibration sample provided by the manufacturer. The horizontal and vertical
dimensions of the calibration sample were measured several times, the sample was then
rotated by 90° about axis normal to the surface, and the measurements were repeated.
The variation between the measured dimension and the nominal dimensions provided by
the manufacturer was always better than +5%.

During any given SEM session there are number of simple checks that can be
performed to ensure that the magnification of the computer acquisition system is properly
calibrated, for example, measuring the known spacing between laser machined features.
Sample manipulation stages allow positioning of the samples with sub-micron resolution,
therefore, inconsistencies in feature spacing measurement can alert the user of potential
calibration problems.

3.5.2 Atomic Force Microscope (AFM)

The AFM was used primarily in the analysis of single pulse ablation craters
presented in Section 4.3. Due to high lateral and vertical accuracy, the AFM is well
suited for characterization of very shallow features and allows measurement of crater
depths and volumes. The disadvantages of AFM include low dynamic range, typically
less than 2 um, and a scan area limited to 150 x 150 um®. The AFM scans are also time
consuming and therefore costly. All AFM scans were performed with a Nanoscope Illa —
multimode (Digital Instruments) operated in contact mode. AFM data analysis was
performed with the Nanoscope software version 5.12. The software allows the user to
examine collected data off-line and measure the lateral and vertical features as well as
make volume measurements below or above specified planes. The same data sets were
analyzed several times, a few weeks apart, to estimate the subjective uncertainty in
measurements. The AFM data files were also exported in ASCII format and analyzed in
MathCAD 2000. The variation in the lateral and crater depth measurements in all trials
were typically less than 4 2%, while the variations in the volume measurements were
typically less than + 10%.

3.5.3 Optical Microscope (OM)

The OM was mostly used for preliminary assessment of the sample quality and in
few cases for measurement of the lateral dimensions of the ablation craters. The

resolution of the OM is approximately 0.5 um and since most of the ablation features



Ph. D. Thesis by Andrzej Borowiec, McMaster University, Department of Engincering Physics 31

were less than 10 um, SEM was the primary measurement instrument. However, the OM
is very sensitive to changes in surface reflectivity induced by laser irradiation. For
example, the melted zone seen in Fig. 3.7 is very difficult to observe under SEM or even
AFM due to very small depth changes in this region.

All OM measurements were performed with the Axioplan 2 (Zeiss) microscope
operated in the differential interference contrast mode (DIC). In most cases, the samples
were imaged with a 100X objective and images were acquired with a digital camera. The
calibration of the image acquisition and analysis software was performed by imaging a
calibration sample provided by the manufacturer.

In a number of experiments, the lateral dimensions of single pulse ablation craters
were measured with SEM, AFM and OM to compare the precision of the three
instruments. The variation in lateral measurements performed by three instruments was
less than +3%.

3.5.4 Transmission Electron Microscopy (TEM)

TEM is the most powerful analytical technique as it allows direct observation of
microstructure and analysis of the chemical composition of the material with a resolution
on the order of a few nanometers. A Philips CM12 conventional transmission electron
microscope, operated at 120 kV, was employed for standard bright and dark field imaging
of the shape and size of the single pulse ablation craters and the structure of the
resolidified material. Standard selected area diffraction and convergent beam electron
diffraction were used to determine the crystallographic structures of the regions
investigated. Chemical analysis was performed with a field emission gun scanning TEM,
JEOL 2010F operated at 200 kV. The JEOL 2010F was equipped with an EDX-UTW
Link ISIS system for analytical x-ray spectroscopy and Gatan 666 electron energy loss
spectrometer (EELS). Recently the microscope was upgraded to INCA analysis software
and Gatan imaging filter (GIF). Both plan-view and cross sectional studies were
prepared.  Plan-view specimens suitable for TEM studies were prepared using the
standard preparation techniques of mechanical back-thinning followed by argon ion beam
milling until electron transparency was achieved. The cross sectional TEM samples were
prepared by the focused ion beam (FIB) as described in Ref. 89. The specimens, coated
with a protective tungsten layer, were milled using 50 keV Ga atoms. The “lift-out”
technique was employed whereby the electron transparent foil was cut free by the FIB for
stand-alone examination.

3.5.5 Degree of Polarization Technique (DOP)

Degree of polarization allows analysis of residual strain fields in the -V
semiconductors. The method of strain measurements using the degree of polarization
technique is based on an analysis of the polarization state of a luminescent signal. The
details of the technique can be found elsewhere [90,91]. Briefly, a low power 633 nm
helium-neon laser beam is reflected from a cold mirror and focused on the sample facet
by a 40x microscope objective. The luminescence is collected with the same objective in
a confocal arrangement and passes through the cold mirror, a filter which removes
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residual HeNe light, and finally through a polarizer. The polarizer is continuously rotated
with the rotation synchronized with the detection system such that signals Ly, and L, as

well as Ly, and L., can be recorded. The schematic of the imaging setup is shown in Fig.
3.15.
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Figure 3.15: Schematic of DOP imaging setup.

The DOP signal is related to the luminescence signals measured in the two orthogonal
polarizations (Ly, L,) by

L -L, (3.3)

, =——— =K (€, ~€,) -
Ppor L+l A€ €,
where K, is a calibration constant (-9.4+0.1 -10"" 'cm®dyn™ for InP) and & and &, are the
strains in the x and y directions [90]. The ROP (rotated degree of polarization) signal is
related to the luminescence signals in the two orthogonal polarizations (L., L.y,) by
L.-L, (3.4)

Prop = ——=2KE,
ROP L +L

where &, are the shear strains. Two-dimensional images are obtained by scanning the
sample past the stationary objective under computer control. At each point, values of L,
L, and Ly, L., are recorded and values of the DOP and ROP signals are calculated
according to Eqgs. (3.3) and (3.4) respectively. A strain resolution of >10"* and a spatial
resolution of = | pm have been demonstrated [90].



Chapter 4
Single and Multiple Pulse Ablation

4.1 Introduction

This chapter is based on two previously published papers, and one manuscript
accepted for publication. The papers describe the experimental results of single and
multiple pulse ablation of InP. The work reported addresses more fundamental aspects of
the ablation process. The reprints of the contributions are preceded by a short
introduction outlining the key contribution to the field and acknowledgements specific to
each paper. The comments on each set of experiments with possibilities for extension of
the research are included at the end of each section.

4.2 Paper 1 - Femtosecond Laser Pulse Ablation of GaAs and
InP: Studies Utilizing Scanning and Transmission Electron
Microscopy

This paper presents the results of plan-view TEM studies of single pulse ablation
craters on InP and GaAs. It is the extension of the work published on plan-view TEM
analysis of the ablation craters on Si [92] completed during my Masters Thesis. The key
points of interest in these studies were: investigation of changes in the crystal structure,
surface morphology, and possible crystal defects beneath the ablation craters. Prior to
this investigation, the detailed analysis of the final state of the material, especially
utilizing TEM technique, was generally lacking. This paper was complementary to the
first single pulse femtosecond ablation experiments on InP reported by Bonse ef al. [53].
The post mortem analysis results were discussed in the framework of the dynamic studies
presented by several research groups, most notably von der Linde er al. [17,20].

I was primarily responsible for laser ablation work, data analysis and writing of
parts of the manuscript. Large portion of this manuscript, especially the discussion
section was written by Dr. Harold Haugen. Andy Duft prepared the plan view TEM
sample and Dr. Maureen MacKenzie and Dr. George Weatherly carried out all of the
TEM work.
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Parts of this work were presented as a part of my Masters Thesis. However,
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ABSTRACT Single pulse laser ablation of GaAs and Inl using
130 1's light pulses at & 800 nm was studicd with various tech-
niques, in particular, scanning and transmission electron micro-
scopies. The final state of the material near the laser-ablated
region following femtosecond ablation was characterized in de-
tail tor selected laser fluences. Threshold ablation faser fluences
were also obtained for both compounds.

PACS 61.80.Ba; 64.60.-i; 79.20.Ds

1 Intraduction

Materials processing has enormous echnological
importance and has been the subject of very extensive stud-
ies and developments over recent decades. Lasers have played
an important role, and more recently, ultrashort pulse lasers
in the femtosecond domain have oftered unique advantages in
this context. Ulirashort laser pulse ablation and machining has
been studied for a wide range of materials, including semicon-
ductors, metals, dielectrics and polymers (see e.g., [1-15]). In
fact, femtosceond laser machining is oflen described as “damn-
age tree”. Inorder to understand the micro-moditication (ma-
chining) process under normal operating conditions, the dy-
namics of single Iaser pulse ablation is investigated in detail.
In the past few years a number of advanced studies have led
to key insights into the dynamics of these ultrafast processes.
These comprise impressive experiments on time-resolved mi-
croscopy, time-of-flight studies, and more recently, important
developments in terms of X-ray based ultratast analysis of
the laser interaction processes [ 16-20]. This opens perspee-
tives not only for a deep understanding of complex ultrafast
laser-materials dynamics, but also prospects for novel mate-
rials modification on a micron or sub-micron length scale.
Detailed investigations of the final state of the laser-ablated
target material have generally been lacking. Thus extensive ex
situ studies on the final state of the sample can provide im-
portant information complementary to the ultrafast dynamics

£ Fax; +1-9058/5212.773, E-wail: borowia@memaster.ca
' Present address: Depatment of Physies and Astronomy, University of
Glasgow, Glasgow, G12 8Q0Q, UK

experiments. o the current work, we exiend our reeent ex-
periments on single-shot laser ablation of silicon [21] to the
compound semiconductors, GaAs and InP. Again, we employ
pulse energies and tight focusing conditions which lead o
ablation features on the few-micron scale. The eftects of the
ablation process ot the structure and composition of the sam-
ples has been examined in detail. The properties of the solids
were studied via a number of analytical techniques includ-
ing scanning clectron microscopy (SEM), transmission clec-
tron microscopy (TEM), electron cnergy loss spectroscopy
(EELS). energy dispersive X-ray spectroscopy (EDX), and
alomic force microscopy (AFM). Most notably, the TEM
studics ~ the key thrust of the current work - provide new in-
formation on the nature of the ablated target material and the
nature ol the damage o the surrounding solid.

2 Experimental

The experimental approach has already been de-
seribed in a separate paper concerning studies of silicon {21],
but is briefly outlined here. An amplified Tizsapphire laser
with a wavelength of approximately 800 nm provided laser
pulses of 130 s duration. A fust mechanical shutter, synchro-
nized with the laser, was used (o control the number of pulses
delivered to the sample from the (nominal) 1 kHz source.
Laser pulse energies were adjusted with a set of thin reflec-
tive neutral density filters in steps of 0.1 OD (0D = log(4,/ 1)
over a pulse energy range of approximately 2y to 10n),
but the typical laser pulse energies for in-depth transmis-
sion electron microscopy analysis were 18, 52 and 164 nJ for
both GaAs and 0P, (For purposes ol comparison with other
groups, the 164 nl pulse energy wtilized in the TEM study cor-
responds to a fluence of approximately 1000 ml/em?.) the
laser beam was for most investigations focused on the sam-
ple by a 10x microscope objective. A scunning, knife cdge
technique determined a spot size (2mg) of 6.7 jun at the fo-
cus, and spot sizes were also obtained by measuremients of
crater size versus pulse energy. ‘The (100) semiconductor sam-
ples were placed inside a small vacuum chamber mounted
on 4 computer controlled yyz translation stage and machined
under rough vacuum (~ 0.1 mbar), The laser beam was (o-
cused on the sample through a thin, uncoated sapphire win-
dow (200 jun thick) cut perpendicular o the c-axis.
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The post-irradiation surface morphology was first char-
acterized by means of scanning electron microscopy. For se-
lected samples, the crystal structure and composition in the
vicinily of the ablation sites were investigaled using trans-
mission clectron microscopy techniques, including energy
dispersive X-ray speciroscopy and electron energy loss spec-
troscopy. For selected specimens, the depth and crater profiles
were also measured with atomic torce microscopy. Mechan-
ical back-thinning followed by argon ion beam milling were
uscd to prepare plan view specimens suitable for TEM inves-
tigations. The final sample often contained & hole surrounded
by wedge-shaped clectron transparent material. Analyses of
the samples were perforined using a variety of TEM tech-
niques, including standard bright and dark field imaging ap-
proaches. The crystallographic structures of the regions in-
vestigated were determined through selected area diffraction
and convergent beam clectron diffraction. Since the prepar-
ation of high-quality TEM specimens is both challenging and
time consuming for largets containing single-shot laser ab-
lated spots on the micron scale, our TEM cfforts were focused
on three very difterent laser luences for ¢ach material.

3 Results

Figure | shows a montage of SEM images o sin-
ele shotablation craters on InP, produced by pulses with pulse
cnergies ranging from 24 nJ 1o 1 pJ. A very high degree of
uniformity and reproducibility were achieved on the system-
atic irradiations of large-area wafer sections tor SEM analy-
sis. The Teatures for GaAs were found (o be quite similar to
those depicted for InP. As with our study on Si [21] no abrupt
changes in the surface features were observed with increas-
ing pulse energy on either material. However, based on the
observed surface morphology and debris patterns, three char-
acteristic stages can be identified. Although the behaviour of
the two compounds under taser irmadiation was oot identical,
il is convenient 1o discuss the quatitative behaviour ol both
materials within the same pulse energy brackets. Stage 1 is

FIGURE 1
130 fs pulses with a range of energies

SEM images of single shot ablation craters on Inl? praduced by

the near damage threshold regime and corresponds approxi-
mately to the energy range: 15nJ < [ < 25 nJ; features are
of the order of 1 pum. (Unless otherwise stated, our damage
thresholds are defined as some observable change in the sam-
ple surface observed under high resolution SEM.) In the see-
ond fluence bracket, corresponding approximately (o the in-
terval 25 0] < E < 150 nJ, adistinet circular rim forms around
the craters. The third stage, E > 150 nJ, corresponds to more
violent expulsion of material from the crater resulting in ran-
domly solidificd muerial and deposition of droplets outside
the crater region,

3.1 GaAs

Near the damage threshold the laser-modificd areas
were < 2 pumin diameter and < 50 nm deep. Figure 2 presents
T1iM images and clectron diftraction information [rom an af-
fected region, as well as SEM pictures for a feature produced
with an 18 nl pulse. The feature is about 2 jun in diameter and
has a surtace texture within it of the order of 50-100 nm. The
pronounced surface morphology ol the aflected area can be
seen in Fig, 2 as a secondary clectron image. The appearance
of the affected area suggests the presence of a second phase
but there wis no evidence of this in the diffraction patierns,
suggesting that it is a surface cflecton top of a relatively large
volume of unattected substrate. EDX point analyses showed
small changes in the Ga:As ratios in this region, suggesting
that the surface layer may be Ga-rich.

In the intermmediate pulse energy regime, the size of the
craters increased up to almost 5 pm. The rim, which marks
the ablation edge, was not as clearly detined as in the case of
single shot laser ablation of Si, and was typically between 75
and 100 nmhigh for pulse energies in this regime. Small poly-
crystalline droplets of GaAs = 100 um in diameter were found

FIGURE 2 TEM and SEM images and ditfraction patterns taken from an
18 a) pulse crater on GaAs: a bright ficld TEM image with selected area
diffraction patterns from the centre of the spotand the nearby substrate inset;
b higher magnification bright field TEM image from contre of spot; ¢ SEM
image of edge of spot; d SEM image of spot; ¢ SEM image of centre of spot
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on the rim perimeter. [Figure 3 contains a 'TLEM image, elec-
tron diffraction information, and an SEM image from a crater
produced by a 52 nJ pulse. The crater diameter is 2.5-3 jum
and there is a pronounced rim of about 200 nm around the
crater. The rim is cssentially uniform. A surface morphology
similar to that observed in the low power spot is found in
the centre of the crater, although the distribution of globule
sizes is somewhat differemt. This can be seen in the see-
ondary ¢lectron image in Fig. 3, along with the morphology
of the rim. Note that the affected area extends beyond the
rim.

Pulses with energy of 164 nJ produced craters with adiam-
eter of almost 5 jum, as shown in Iig. 4, "The rims are about
200--300 nim wide and are polycrystalline, as illustrated by the
diftraction pattem and dark field image, having a grain size up
to about 50 nm. ‘The grains on the inside of the rim appear to
have a preferential orientation with their (111) planes aligned.
Presumably during solidification their orientation was con-
strained by geometry to facilitate some form of epitaxy. The

FIGURE 3 TEM and SEM images and diffracuon patteras taken from
a 52 nJ pulse crater on GaAs: u bright ficld TEM image with sclected arca
diffraction pattern from spot and substrate; b SEM image of spot. Note that
the affected area extends beyond the rim

TEM and - SEM images and diffraction patierns taken from
164 n) pulse craters on GaAs: a bright Geld TEM image with selected area
diffraction patterns from the centre of u laser-induced spot; b bright (ield
TEM image of a crater; ‘¢ SEM image of edge of a spot; d dark field TEM
image of edge of-a spot; ¢ bright field image of edge of a spot

FIGURE 4

rims are “splattered”, making them irregular in shape and they
also contain a few defects. Droplets of gallium and a few de-
fects were observed with the rim and a high density of defects
was found in the centre of the craters. The corresponding sec-
ondary clectron image is also shown in Fig. 4. Again, the same
general surface morphology is observed, differing only in the
globule size distribution.

3.2 Inl

As for GaAs, near the damage threshold the af-
fected areas were less than 2 jun in diameter and less than
50 nm deep. A typical laser-modified feature of = | jun in
diameter, resulting from an 18 nJ pulse, and corresponding
diftraction patterns are shown in Iig. 5. Very little it any ma-
terial has been expetled from the laser-irradiated spot but the
material that has melted and resoliditied is in the form of poly-
crystatline [P, The grain size is on the order of 5-20 nm and
the grains were found to be randomnly orictated.

The craters in the second fluence interval were typically
between 2-5 jun in diameter with molien rims marking the
boundaries of the craters. The rims werd polycrystalline in
nature and were between 50 and 120 nm in height. Droplets
of single crystal In were also.observed, many of’ which were
found on the rims but also randomly distributed in and near the
craters. A TEM image and difTraction patierm obtained with
a°52 1) laser pulse irradiation are shown in Fig, 6a, while an
SEM image ol a similar crater is shown in Fig. 6b. Our TEM
analysis reveals the presence of polycerystalline InPin the cen-

S00nm | B 50.nm P

FIGURE §  TEM image and diffraction patterns taken from an 18 o) pulse
crater on InP: abright fickd TEM tmage with selected area diffraction patierns
from the centee of the spot and the nearby solid; b higher magnification TEM
image of centre of the spat shawing polyerystalline nature of the grains

{Tum
i

FIGURE 6 TEM image. with diffraction” pattern, amd SEM image, taken
from eraters ou TnP: w bright field TEM image of ' 52 0J crater with diffrne
tion pattern taken from the centre of the spot plus the surrounding material; b
SEM image of a different feature Grond this fluence bracket
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2pm'

FIGURE 7 u Bright field TEM image from a 164 nJ pulse crater on Inl;
b SEM image of 400 u] pulse crater on InP

tres of the craters as well as the underlying single crystal sub-
strate. The 5-20 nm polycrystalline grains were distributed
over Lhe entire surface within the boundary of the rim.

Figure 7a shows a typical crater from the third Auence in-
terval. It is about 4 jum in diameter and resulted from a 164 nl
pulse. As can be readily seen in the image, material was splat-
tered out from the crater up o a distance of about | jum. The
third ablation interval is reached much more guickly than in
Si, and even more quickly than in GaAs, An increase in pulse
energy above 200 nJ resulted in a significant amount of de-
bris being deposited beyond the rim of the craters. Ata pulse
coergy of 1.6y the volume of displaced semiconductor was
measured via AFM to be 1 7 jun?, but only 6 pum® of debris was
found on the surtace.

33 Threshold determinations

In order to augment our resulls on TEM analyses
from irradiation at sclected pulse energics, we subscquently
conducted a series of D? back-extrapolation analyses on both
InP and GaAs to obtain ablation threshold fluences {221, Ex-
amples of our data trom individual runs analyzed via SEM
are illustrated in Fig. 8 for both compounds. For these plots,
the size of the rims was measured as a function of laser
pulse energy. ‘These results were obtained with a 10x micro-
scope objective and tor a wavelength of 800 nm. “T'he results
for the threshold (uences are 170+ 14 ml/cm? and 226+
20 mi/em? for InP and GaAs, respectively. For GaAs, only
the result shown in Fig. 8 was obtained, while tor InP, sets
of measurements of” crater sizes versus pulse energy were
conducted through a series of separate runs. ‘Table | sum-
marizes the InP results for a variety of irradiation condi-
tions where the data were taken on entirely separate runs,
In-view of the sensitivity of the back-extrapolation to crrors
in various parameters, there is a very good overall agree-
ment amongst the data. A simple arithmetic average of the
cight data sets for lincarly polarized light in Table | yickls
a-threshold of 160 mJ/em?, in excellent agreement with the
literature, as discussed further in Sect. 4. 1t should be noted
that the back-extrapolation approach outlined above follows
the evolution of a particular feature (the rim) as a function
of laser pulse energy. We associate these obtained thresh-
old values with ablation threshold- Quences. However, some
maodilication of the target can be expected at even lower fu-
cnees, as oblained with the smallest pulse energies used in
this work.

Pulse Energy [nd]
1o 100

3
<

>
=

A

Sqquared Diarmeter (o]
Pl
=

tas
=

[
<

1000

Scquerrd Dxameter [yne]

1an .
b iuence [(mdfam’]

FIGURE S Examples of a D? back-extrapolation to obtain ablation theesh-
old o Ind and b GaAs, Both results were obtained with o 10 microscope
objpective and 800 nm hght

Focusing Optie Threshold Fluence * (ml/fem?)

75 millimeter plano-convex lens 154+ 15

> microscope objective 154k §
5> mucroscope objective 16410
50> micrascope objective 13315
5> microscope objective 145+ 9
S> micrascope objective | I88:£ 12
10+ microscope objective 18015
10> micrascope objective 17014
5> micrascope objective 18212

* The uncertaintios reflect solely the fitting routine, and do not incorporate
other experimental erroes. Tn particular, the founh amd fifth entries are ex-
pected 10 have additional errors due to the very tight focal region in the case
of the 50> objective and due to an additional pitlse energy uncertainty for the
fifth entry

! Obtained with cirelarly polarized light; other table entries use linear potar-
izalion

TABLE 1 Threshold fluence values for InP under various irradiation con-
ditions for = 800 nim. 130 {5 pulse irradiation

4 Discussion

1t is convenient Lo consider our results in the con-
text of the work of von der Linde and co-workers. Cavallerd et
al. 23] discuss the faser-solid interaction in tenms of various
fluence intervals, and provide key Hluence values tor both Si
and GaAs under conditions of irradiation with 100 {5, 620 nin
wavelength pulses. Initially (below 100 mi/em? in GaAs) en-
ergy is deposited but the sample does not melt; For Latice
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temperatures exceeding 1513 K for GaAs (laser fluence of
100 m/em?), the sample melts in the near-surface region.
Somewhat higher fluences cause melting via an ultrafast non-
thermal process in GaAs. In tact, for GaAs, they found a well
defined fluence threshold of 150 mJ/cm? for the boundary be-
tween the thermal and non-thermal melting regimes. Above
an ablation threshold of 175 mJ/ecm? in GaAs macroscopic
amounts of material are ejected from the solid. The time-of-
flight studies of [23] nicely illustrate an abrupt transition in
the number of detected neutral atoms and ions at the abla-
tion threshold. At somewhat higher fluences an interval can
be detined which corresponds to material expansion without
entering a two-phase regime. At still higher fluences, above
1J/cm® (not considered in detail by Cavalleri ¢t al. §23)),
the threshold for plasma formation is reached. The highest
pulse energy irradiations in our investigations fall into this last
regime.

As outlined in Sect. 3, atthough no abrupt changes were
observed in the behaviour of our irradiated samples as a tune-
tion of laser [tuence, there are three qualitative brackets that
“an be considered. Given the experimental uncertainties, the
differences between GaAs and InP in this regard are sufti-
ciently small to consider the brackets (o be largely identical.
For the bracket of 150 < E < 25 nJ, small features were ob-
served on the surface via SEM. This is consistent with the
melting regimes of Cavalleri ct al., where small amounts of
material would be aftected. Our GaAs sample (under 18 nJ
irradiation) showed only topographical changes near the dam-
age threshold, while our [nP sample exhibited tine-grained
polycrystalline surface content after irradiation with the same
pulse energy. In part, this could refleet the different material
removal mechanisims for the two different compounds in this
near-damage threshold fluence regime. However, it should
also be noted that since both imadiations are close to the
threshold for modification, the relative amount by which the
individual irradiations exceed the threshold in the two cases
an difter. (A discussion of the uncertainty in laser fluences is
given below.) In the next bracket, 25n) < E « 150 0J, a dis-
tinct crater with a well-defined rim is formed, which is consis-
tent with Cavalleri et al’s ablation regimes. The rim was less
pronounced around GaAs and 1nP craters than we observed
carlier around Si craters. In addition, the surtace quality of the
GaAs and InP craters were similar, with evidence tor poly-
crystalline material in both cases, but neither was equal in
quality to Si craters formed viasingle pulse irradiation [21]. In
addition, our work on Si(100) revealed single crystal erters.
Nevertheless, in general, the craters were well defined and
symmetric with no significant debris beyond the ablated arca,
until our third fluence interval was reached. In both binary
compounds frozen liquid droplets on the order of 100 nm were
found on the perimeter of the rim, With increasing pulse en-
ergy similar droplets were also found at the bottom of the
craters, Finally, the region E > 150 nJ, where there is violent
expulsion ot material, leads into the plasma regime. There was
more cvidence of violent expulsion of material at the lower
fluences of the thied luence bracket for InP than for GaAs.,

Long et al. [24] have reported faser-induced photochemi-
cal decomposition of GaAs(L10) which was investigated via
time-resolved photoelectron spectroscopy. A copper vapour
laser providing 5ns pulses at S10mm was utilized in con-

junction with sub-nanosecond synchrotron radiation pulses.
Under irradiation with multiple laser pulses at a repetition
rate of 6 kHz, the formation ol 15 nm sized Ga islands was
obtained with individual pulse fluences as low as | mJ/cm?.
Under single laser shot irradiation with our lower pulse ener-
gies, we observed a surface texture on the 50-100 nm scale.
Our EDX point analysis suggested a surface layer of Ga, in
qualitative agreement with Long etal.

Bonse et al. [25] have made a detailed study of ultrashon
pulse laser ablation of InP(100) in air, using 130 fs pulses at
a wavelength of 800 nm. Much larger irradiation spols were
utilized than in the present study. They employed optical mi-
croscopy, SEM, and Auger electron spectroscopy (AES) 1o
study single and multiple shot irradiation of [nP, ‘Ihe thresh-
olds were determined by plotting the squared diameters [22,
25] of the craters versus laser fluence and extrapolating to
zero. For single shot Jaser ablation they oblained a thresh-
old of 160 mJ/em?, in excellent agreement with our present
study. Substantial incubation etfects, as well as periodic sur-
face structures, were found for multi-shot irradiation in their
work. Their quantitative studies of crater depths were limited
to irradiations of at least eight pulses due to the limited reso-
lution of the optical microscope. Some discrepancies with
their models are potentially attributed to effects of irradiation
in air but the nonlinearity of the absorption process could also
play a role. Their ALLS studies of chemical composition re-
vealed In, P, O and C in all their spectra. They found the
relative concentration of oxygen to increase in laser-irradiated
regions, with evidence for both indium oxide and phospho-
rus oxide. Compositional changes between the various points
in the craters were not observed with AES. Argument et
al. 126] have also recently reported a damage threshold of
160 md /e’ tor 130 1s duration pulses on InP ata wavelength
of 800 nm, via a back-extrapolation of the squared diameter of
ablation spots.

In addition to ultrafast laser ablation studies, there has
also been recent interest in nanosecond laser patierming of
P via XeCl excimer lasers in the presence ot a chiorine at-
mosphere (see ¢.g., [27, 28], Prasad ¢t al. {27] investigated
surface patterning tor optoelectronic device fabrication. They
used a 10% gas mixture of chlorine diluted in helium and
obtained a fluence threshold of 40 mJ/em? Tor 308 nm light.
Wrobel et al. [28] explored laser-assisted (308 nm) dry eteh-
ing in low-pressure chlorine atmospheres at luences lower
than the ablation threshold of 140 mi/em?® for InP. These
chemically assisted dry etch schemes using nanosecond UV
lasers offer an interesting, complementary approach to tem-
tosecond laser micro-modification.

The uncertainties in the laser fluences tor the selected
samples wilized in the present TEM work is ~ 50% for the
near-threshold values, due to the combined uncerlainties in
the focal spot determination, faser pulse energy, filling of the
microscope objective, and the positioning of the target; and as
regards the damage threshold, the difticulty of detecting the
very small laser-induced spots. The uncertainty is expected to
decrease somewhat at higher laser fluences. The relative con-
sistency for a given setof data from the same run - where focal
spot positioning, beam quality and alignment are expected to
be more constant - shoudd be better than comparisons between
data taken at very different points in time. The thresholds ob-
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tained from D? back-extrapolations for a broad range of crater
sizes from samples prepared in more recent experiments, as-
suming a single dynamic regime, have a smaller uncertainly
which we estimate to be around 13%. Our work typically
utilizes much smaller focal spots than most other investiga-
tions, miking the absolute Nuence determinations particularly
challenging. Moreover, our TEM data and SEM data for the
D? back-extrapolations were taken months apart, Differences
in laser conditions must also be considered in the compar-
isons between different groups, although, for example, laser
wavelength differences are not as substantial as one might ini-
tinlly expect given the influence of nonlinear aspects of the
laser-solid interaction. Nevertheless, our results are in very
good qualitative and semi-quantitative agreement with the dy-
namical models of von der Linde and co-workers, and our
InP ablation threshold obtained via a D? back-extrapolation
is in excellent quantitative agreement with other literature
values. We are also in good qualitative agreement with the
ablation threshold obtained by Cavalleri et al. {23} for GaAs
at.a wavelength of 620 nm. They obtained 175 ml/em® for
gallium arsenide, while our result is 226 mJ/cm? at 800 nm.
Also. Huang et al. [29] studied the behaviour of the di-
electric function of GaAs under intense ultrafast excitation.
They utilized a 70 s, 635 nm pump laser source 0 imadiate
Cr-doped GaAs(100) samples below the damage threshold.
Their damage threshold (100 ml/em?) was defined in (ermns
of an observable change under an oplical microscope. Our
recent preliminary measurements using a high-resolution op-
tical microscope have revealed modification thresholds for
GuAs and InP of ~ 90 ml/cm?® and ~ 50 ml/em?, respec-
tively (130 s pulses at 800 nm), assuming a typical (knife
edge) spot size. Under conditions of 150 (s, 800 nmn laser ir-
radiation, Lindenberg ct al. have reported a very fow dam-
age threshold of 15 ml Jem? for the compound semiconductor
InSh 191

‘The arca of ultrafast laser interactions has stimulated
a great deal of theoretical interest. For example, Stampfli and
Brennemann [30] have analyzed the instabilities in both Si
and GaAs introduced on a femtosecond time domain via in-
tense laser irradiation. Their models are generaily in good
agreement with the experiments that explored (he ultralast
dynamics. Graves and Allen [31] have used the method of
tight binding electron-ion dynamics to study the response
of GaAs to ultrafast and intense laser pulses. Through this
approach they obtained a detailed microscopic understand-
ing of" the behaviour of both elecirons and ions. Their pre-
dictions were consistent with various experiments including
those by Mazur and co-workers [29], and von der Linde and
coliaborators [8]. liquations-of-state effects were discussed
by Anisimoy et al. [32], and Inogamov et al. have examined
the models for the expansion of matter which is heated by an
ultrashort light pulse [33]. Finaily, we bring the reader’s atten-
tion to a valuable overview of selected recent experiments and
theoretical considerations, presented by von der Linde and
Sokolowski-Tinten [34],

As discussed in our recent work on single femtosecond
laser-pulse irradiation of Si(100) {211, it is rather surprising
that we have not observed extended defects under detailed
T'EM observations in spite of the very large transient pres-
sures predicied for the ablation process, on the order of tens of

GPa|35]. Under the assumption of an adeqguate coupling time
in order to apply dislocation formation models [36], the pres-
sure waves resulting from ultrafast laser ablation would ex-
ceed predicted critical pressures for the formation of extensive
damage 10 the remaining solid. While the threshold for dislo-
cation formation depends on the validity of certain assump-
tions [36], we would expect extended defects for pressures of
a few GPa. Ourevidence via clectron microscopy is in qualita-
live agreement with the recent work employing lime-resolved
X-ray diflraction. Roussc ctal. investigated non-thermal melt-
ing of InSh and found a maxunumn strain of 0.3% [16}], while
Rose-Petruck et al. reported a4 maximum strain of around
0.25% tor GaAs | 17]. Additional studies providing tests of
the predictions of ultrafast dynamical models for structural
details of the ablated material in the final state would be of
considerable interest. We have also utilized a technique based
on polarized photoluminescence for the analysis of optical
quality of the resolidified material as well as the residual stress
in the solid close to the ablated region [37]. Such studies are
well suited o GaAs and InP.

5 Conclusions

The present investigation has provided detailed
TEM-based studies of single-shot femtosecond laser irradi-
ation of GaAs and InP for selected fluences, as well as
a broader survey via SEM and AI'M. ‘The SEM and TLEM
observations provide information on both subtle and exten-
sive surface modifications. Such input can be important for
our understanding of the basic physical processes involved, as
well as chemical and physical details of potential significance
for various tuture applications. For example, the texturing of
the near-surfiace region could have imponant implications for
nano-technology areas. [n contrast to the results obtained with
longer faser pulses in the nanosecond regime, femtosccomd
laser-solid interactions are otten described as “damage free™.
In this present investigation of single-shot femtosecond laser
ablation of micron-sized arcas on InP and GaAs, we have not
observed extended defects with our detailed examinations for
the three selected laser pulse energies using ‘TEM technigues.
The present study has concentrated on single shot laser ir-
radiation cffects. A natural extension of the work would be
detailed TEM-based analyses of multi-shot irradiated sium-
ples. Finally, comparing the results of irradiation in air and in
vacuum, particularly for the low fluence regime, as well as an
extension ol the work 10 a wide range of laser pulse lengths,
would be of interest.
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The results presented are complementary to the detailed scanning probe
microscopy and micro-Raman measurements of single pulse ablation craters on InP
presented Bonse et al. [55,56]. However there are still some uncertainties as to the
composition of the resolidified layer within the ablation craters. While micro-Raman
measurements indicate that an amorphous phase of InP is present, this phase could not be
positively identified with TEM. In plan-view TEM analysis it is difficult to detect an
amorphous layer a few nanometers thick located on top of a substrate that is typically on
the order of 100 nanometers. The diffraction patterns contain contributions from the
resolidified layer and the underlying substrate. Furthermore, the plan-view TEM sample
preparation involves mechanical grinding followed by the ion milling, which could lead
to formation of an amorphous layer on the back side of the sample and further obstruct
the signature of the amorphous layer inside of the crater.

Cross-sectional TEM is much better suited for the analysis of the microstructure
of the resolidified layer. The advantage of cross-sectional TEM stems from the fact that
the resolidified layer can be viewed directly without any background. The best approach
would be a combined Raman and TEM investigation of the same crater. Comparing
results prepared under different laser conditions could introduce additional uncertainty.
For example, the work presented in this paper utilized tight focusing with a spot diameter
~ 6 um and irradiation of samples in rough vacuum, while all work presented by Bonse et
al. involved irradiation in air with a spot diameter ~ 46 um. The direct observation of the
microstructure via cross sectional TEM would provide a valuable reference for Raman
measurements, where the composition and structure of the material is deduced from the
optical measurements.

Cross sectional TEM investigation of resolidified layer in Si ablation craters was
recently presented by Jia er al. [93]. The studies presented in Ref. 93 complement our
plan-view TEM analysis of single pulse ablation craters on Si [92]. Similar uncertainties,
regarding the presence of an amorphous layer within the ablation crater, were raised in
our experiments. The presence of an amorphous phase was unambiguously identified by
Jia et al.[93] with the cross-sectional TEM technique, clearly demonstrating the
advantages of this approach.
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4.3 Paper 2 — Wavelength Dependence of the Single Pulse
Femtosecond Ablation Threshold of Indium Phosphide in 400 —
2100 nm Range

This manuscript presents the systematic study of the wavelength dependence of
the single pulse ablation threshold of InP. Prior to this work, all femtosecond laser
ablation experiments on InP were performed with pulses centered at 800 nm. The use of
the optical parametric amplifier and harmonic generation allowed us to access a broad
range of wavelengths from 400 to 2100 nm. The key point of interest was comparison of
the ablation threshold performed with pulses in the opaque and the transparent regions of
InP.

The ablation threshold was determined based on the discontinuity in the maximum
crater depth and equivalently discontinuity in the crater volume vs. fluence
measurements, The crater measurements were performed with OM, SEM, and AFM.
One drawback of AFM is the fact that the scans are time consuming and therefore costly.
To reduce the scan time the craters were grouped in sets of five, scanned as a single
image and analyzed separately afterwards. This approach allowed collection of large data
sets in a relatively short time leading to substantially improved data statistics.

I would like to acknowledge Andy Duft, who performed all AFM scans, and very
valuable discussions with Danny Perez, Patrick Lorazo, Dr. Lewis, Dr. Zhigilei and
correspondence with Dr. Urbassek.
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Abstract

We present single-pulse femtosecond-laser ablation threshold measurements of InP obtained by optical. scanning
electron, and atomic force microscopy. The experiments were conducted with laser pulses 65 — 175 {5 in duration, in the
wavelength range from 400 — 2050 nm. covering the photon energy region above and below the bandgap of InP. The
ablation thresholds determined from depth and volume measurements varied from 87 mJ/em® at 400 nm to 250 mbem® at
2050 nm. [n addition, crater depths and volumes were measured over a range of laser fluences extending well above the

ablation threshold.

PACS: 79.20.Ds, 61.80.Ba

Keywords: Laser ablation, Femtosecond pulses, Indium phosphide

Introduction

Femtosccond laser ablation of semiconductors has
been an area of intense fundamental and applied research
for about two decades. A large amount of work has been
reported on the study of dynamics and the analysis of the
final state of the material [see, e, 1.2, 3, 4,5, 6, 7].
However the majority of femtosecond ablation studies on
semiconductors published to date were performed with

light pulses centered around the peak wavelengths of

Ti:sapphire and dye lasers, =800 nm and =620 nm
respectively.  Analysis of the ablation of materials over a
broader range of wavelengths can provide important
information about the absorption processes and serve as
experimental tests for advanced theoretical models. 1n this

work, we present  systematic  measurements  of  the
wavelength dependence of the ablation threshold of InP in
the range of 400 ~ 2050 nm. covering photon encrgics
above and below the bandgap ol InP. E, = 1.34 ¢V, which
corresponds to a wavelength of = 925 nm.  {n addition,
details on the crater dimensions were obtained for o wide
range of laser pulse energies. The measurements were
performed by optical microscopy (OM). scanning electron
microscopy (SEM) and atomic torce microscopy (AFM).

Experimental Setup

A commercial Ti:sapphire regenerative amplifier
was used to produce. pulses at =800 nm (Spectra-Physics,
Spitfire LCX). Second harmonic beams at =400 nm were
obtained by frequency doubling the fundamental beam in a
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0.3 mm thick nonlincar optical crystal (BBO). Pulses in
the near infrared (NIR) were obtained from an optical
parametric amplifier (Spectra-Physics. OPA-800) pumped
by another commercial Ti:sapphire regenerative amplifier
(Spectra-Physics, sub-50 fs Spitfire). Typically the signal
and idler beams were centered at wavelengths of 1330 and
2050 nm respectively, Finally the pulses at 660 nm were
produced by frequency doubling the OPA signal beam in a
2 mm thick BBO crystal. The n-InP(100) samples were
irradiated under a rough vacuum ~ 0.1 mbar base pressure.
The laser was focused on the sample at normal incidence
by a 5x microscope objective. A set of thin, reflective
neutral density filters. was utilized to adjust the pulse
energy on the sample. The pulse energy in the wavelength
range of 400 - 1000 nm was measured with a
semiconductor power meter (Ophir PD300-3W) while a
surface absorbing head (Ophir 2A-SH) was used for power
measurements at 1330 and 2050 nm.  The experiments
were conducted with femtosccond pulses of 65 - 175 s in
duration.  The pulse duration at each wavelength was
measured  with a  scanning, second order intensity
awtocorrelator and fitted to a Gaussian temporal profile.
The pulse durations for each wavelength are given in
Table 1. At each wavelength sets ot craters produced by
single pulses were prepared and analyzed by OM operated
in the Nomarski mode. SEM., and AFM operated in the
contact mode. Since AFM scans are very time consuming,
craters were grouped in arrays of 5§ (Fig. 1) and analyzed
individually after the scan. [mages of the sets of five
craters contain 512x312 points. Several factors contribute
to the uncertaintics in the AFM- measurements including
calibration errors, the effeets of finite pixel size. and the
AFM tip geometry limitations in measuring sharp features.

Results

In the SEM and OM analysis the damage threshold
and the spot size on the sample surface were obtained from
measurements of the peak fluence dependence of crater
diameters. Irradiation with pulse encrgies exceeding the
modification threshold leads to the formation of several
characteristic morphological regions, such as melting and
ablation zones, rims, etc [6}. In all cases presented in this
study the crater diameter was measured to the outside of
the crater rim.  This feature was most easily identified
under all three microscopy techniques, The diameter D of
each crater was measured as a function of pulse cnergy
Eby SEM, OM and AFM. By fitting the duta to the
cquation

(n

D =20; ln(——g-),
Elh

we obtain the Gaussian spot size ®, (beam radius

measured at 1/¢?), and the threshold energy Ey for crater

formation {6,8].  Peak fluences are calculated with the

equation
2E

L= ()

T,

The maximum crater depth h,, was measured as a function

of peak fluence ¢, and fitted to the logarithmic expression

(0, y=h, ln(d)—',"] ,

th

3

where o) and &, are fit parameters. In the ablation of

metals the parameter A, is oftien interpreted as an optical
penetration depth in the low fluence regime.

The expression for the fluence dependence of the
crater volume was derived following simple considerations
analogous 10 those used to obtain Eq. 3 [9]. The fluence at
radius r and depth £ below the surface is given by

I

tb(r.h):(l«k)b(,cxp( r —uh].
)

Dy

S

Assuming that the absorption coefticient a is constant and
independent of intensity, the energy absorbed per unit
volume is given by -d¢/dhr = a¢. It all material which
receives an energy density in excess ol H Jem? is ablated
the crater protile A(r) is defined by the condition ad(r ) =
H and yields

1 (8,) 27 H .
Alr.dy) = —Inf 2% |- == where ¢, = ————. (5
ir.d) " n[%] e where ¢, =R 5)

The maximum crater radius ry, is found by setting i(ryda)
= 0 and leads to an expression cquivalent o Eq. 1. The
ablated volume is given by

V(ba) = 2n [ h(r.gyIrelr di,[ln(%’in.

h

6)

where 1, = no (da).  This equation, based on very
simple assumptions, provides the functional form for our
data analysis. The crater volume ¥ (the volume beneath
the original surfuce), and the rim volume (the volume
above the original surfuce), were measured as a function ol
peak tluence ¢, and fitted o Eq. 6. In all cases the square

root of volume was plotted as a tunction of log@,) .
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FiG. 1. (left) OM images of single pulse ablation craters produced by
105 5. 660 nm pulses (right) AFM profiles of craters at upper Ieft,
center and fower right in each image, irradisted with fluences of (@)
4900, 3200, 2000 mlicm®: (b) 1700, 1100, 600 mlem®; (¢) $30. 390,
250 mJ/em’; (d) 180, 120, 70 mi‘em’. Note that the images are not
shown to the same scale.  Please note the exaggerated z-axis in the
crater profiles.

Fig. 1 (a-d) shows examples off OM images of
ablation craters produced by irradiation with 660 nm
pulses. The corresponding crater profiles for selected
craters oblained from the AFM scans are shown on the
right side of Fig. 1. Fig. 2 presents data collected for
craters irrudiated at a laser wavelength of 660 nm. Fig. 2(s)
shows the D7 measurements obtained by SEM, OM and
AFM along with fits to . 1. The spot size o, was taken
as the average value obtained from the three fits and used
in alt fluence caleulations at a given wavelength. Fig. 2(b)
shows the AFM measurements of the crater depth
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F1G. 2. Data analysis of single pulse ablation craters produced by [05
{5, 660 nm pulses showing () squared diameter measured by [
SEM, {41 OM ind [8] AFM, (b) crater depth, (c} square root of crater
ta] and rim [<] volunse. and (d) square root of the difference between
crater and rim volune, plotted us a function of peak laser Muence.

dependence on fluence.  Two distinet regimes, with
difterent slopes and thresholds can be litted 10 the data in
the low (¢, = 800 mlem?) and bigh (¢, = 800 ml/em?)
tluence regions. The onset of the high fluence regime was
taken as the intercept of the two fit lines in Fig, 2(b). At
the other wavelengths, the high fluence regime onset
varied from about 1000 to 3000 mlem?®.  The high fluence
regime is characterized by a substantial increase in the
slope of the depth vs. fluence tor the ablation craters. The
vitlue of the fit parameter A, tor the higher fluence regime
is approximately 300 nm for all wavelengths in the opaque
region, and 590 nm at'a wavelength of 1300 nm. At 2050
nm the maximum  pulse energy was insulficient 1o
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investigate the high fluence regime. In the high fluence
regime the crater profiles develop increased curvature (Fig
1(a.b)). and debris resembling resoliditied liquid droplets
is visible in the vicinity of some craters (Fig. 1(a)). Note
the discontinuity in the crater depth data in the low fluence
regime. We fit Eq. 3 only to the low fluence data points
above the discontinuity. The parameters /, and ¢, thus

obtained are considered simple numerical tit values. We
take the Muence at the discontinuity as the effective depth
ablation threshold.: At fluences below this newly defined
threshold ¢ ,. surlace modification was still evident,
however, the loss of material was minimal with crater
depths in the range of 1 ~ 3 nm. Fig. 2(¢) shows the AFM
measurements of the crater and the rim  volume
dependence on fluence, The straight line represents a fit to
Eq. 6. As in the fluence dependence of the crater depth,
the discontinuity in the crater volume data is observed in
the low fluence regime, although it is not as pronounced.
Similarly, the values of 1, und ¢,, obtained arc considered
numerical it values. . We take the fluence at the
discontinuity as the effective volume ablation threshold
du.0- Note that the fluence at the discontinuity of erater

volume is the same as for the crater depth data. Two
regimes analogous to those seen in Fig. 2(b) are clearly
visible in the fluence dependence of the rim volume and 10
a lesser extent in the fluence dependence of the crater
volume.  Due to the AFM limitations in measuring
droplets and other sharp features. the uncertainties in the
rim volume measurements are expected to be substantially
larger than for crater volume determination.  Fig, 2(d)
shows the plot of the dilTerence between the erater and the
rim volume.

The $ih.q (OF

equivalently ¢, ,) obtained from AFM measurements is

wavelength  dependence of

shown in Fig. 3. Also, the average values, ¢, (avrg).
obtained from a large number of SEM measurements
performed over a course of several months are included in
the same graph. The straight line represents a linear it to
the ¢ (avrg) data points at wavelengths of 400, 660 and
800 nm, including the origin. Fit parameters for AFM data
are summarized in Table I, The superseripts i 17 and D
are used to distinguish the respeetive fit parameter values.
The uncertainty in the absolute threshold fluences is
estimated to be ubout £25%, and is attributed to
uncertainty in power and spot size measurements, as well
as the fit uncertainties. The relative uncertainties for values

"
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FIG. 3. Wavelength dependence of the threshold Nuence for crater

T

nyo, . .
volume and crater depth ¢, (#) obtained from AFM data, and an
I N N v
average value of ¢, (avrg) obtained from a large set of SEM
.y . . . "~ y
measurements (2). The solid line represents a linear it to ¢,f, (ivrg)
for wavelengths below 923 nm, - For clarity, only the error bars for
n g . . PTS

&, (aveg) are shown. The vertical dashed line indicates the band yap
of InP (1.34 ¢V, Laser pulse lengths are provided in Table 1.

measured at different wavelengths are expected to be less
than the absolute uncertainty,

TABLE L. Summary of tit parameters to Ligs. 1. 3 and 6 for the AFM
data, depth and volume discontinuity values. and average values

h N - e .
9, (avrg) obtained from a large set of SEM measurements. The pulse

width  measurements  were  performed  with  a  second  order
interferometric wutocorreltor. The depth and the volume thresholds
were taken midway between the last point of shallow depth and the
first point of substantial depth (volume), as shown in ¥ig. 2(b.c). The
parameters noand 17, recorded in this table are given only for the fow
fluence regimes,

AL e, bl By
nm Is wem'  jtm mlend mbem? g
-5 X 17 73 87 39 UK
) 108 o 43 Lo 1o H 050
Rinp 115 150 AR [RY 150 8 w7l
1330 68 2o 6.3 10 20 al 1.4
J050 240 LIRS Qin) 2584 S 2R

The AFM data provide additional information
about the morphology and geometry of the ablation
craters, Selected results of erater profiles obtained under
800 nm irradiation, as well as results for the depth versus
fluence for all the laser wavelengths in the low Nuence
regime are illustrated in Fig. 4. The first two AFM
profiles in Fig, 4(a) show the removal of a very small
layer, and in the second case, just below the threshold
br o u peak is clearly evident in the center.  Upon
surpassing the threshold (center, Fig 4(u) the crater depth
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FIG. 4. (a) Selected AFM profiles obtained for 800 nm irradiation
under the laser fluences of 110, 145, 155, 270 and 480 mlfeny’,
highlighted in part (b} by open circles, and (b) crater depths versus
laser fluence for various incident laser woavelengths. Note the large
depth scale change ‘in pan (a) batween the second and the third
profiles, and the exaggerated depth scales in relation to the fateral
dimensions.

1000

becomes substantial. typically some tens of nanometers.
‘The crater depth is fairly uniform in the lateral directions
as seen.in the crater profiles in Fig.i(d) and the three
highest Nuences in Fig, 4(a). The profiles of craters in the
low fluence regime clearly deviate from the shape
predicted by Eq. 5.

With an increase of fluence above about 350
mJ/em? (at 660 nm), a new surface morphological leature
emerges in the center of the craters in Fig. 1(b). The inner
feature is almost perlectly circular and is surrounded by a
pronounced rim.  This rim is significantly higher and
thicker than the outer rim in the low fluence regime. The
threshold fluence for emergence of this particular teature
was cstimated by D7 fitting, ‘The threshold fluence varied
with wavelength from approximately 550 to 1300 ml/em’,
however there was no simple wavelength dependence, The
effective spot size determined from the slope of the D° fit
to the inner feature was 5.9 pm, whercas the spot size
determined by a D7 fit to the entire crater in the low
fluence regime (Fig. 2 (a)) was 4.3 um, Atall wavelengths,
a fit to the inner feature resulted in a larger spot size,

Discussion

The discontinuity in the flucnce dependence of the
crater depth and crater volume, hence the onset -of
significant material removal, was associated with the
ablation threshold. The value of the ablation threshold of
InP at 800 nm, ¢,,7 = 150 m/em?, obtained from our

AFM measurements is somewhat smaller than the value
reported by Bonse ¢f al. [6) who measured 230 mMem®.
‘The apparent discrepancy might be a result of the different
experimental  conditions and  the uncertainty in  the
respective fluence determinations by the two groups. Al
experiments presented in our study were conducted under
rough vacuum and tight focusing (spot size of 5.4 pm at
800 nm), while experiments in Ref. [6] were conducted in
air with spot size of 23 um. A preliminary measurement
performed in our laboratory under conditions similar to
those in Ret. [6] yield an nblation threshold of 200 ml/em®.
‘This result suggests that different ambient atmosphere and
focusing conditions might influence the ablation threshold.
Previously [7.10] we have reported the ablation threshold
of InP at 800 nm to be between 145-188 mliem?.
[lowever, these measurements were based on the D7 fit
only. using the outer edge of the rim. Other than our
preliminary study [11], using solely £ analysis based on
SEM measurenients, the values of ablation  threshold
tfluences of InP in the femtosccond regime at other
wavelengths were not previously reported.

The present experiments were conducted  with
pulse durntions in the 65 - 175 fs range (Table [). The
dependence of the ablation thresholds on pulse length is
known to be very weak for modest changes in pulse
duration.  Considering mcasurcments presented in Refs.
[5.12.13,14], if 100 fs pulse durations were used at all
wavelengths, we could expeet a ~10-20% incrcase in
threshold at 1330 nm. and a similar or somewhat smaller
threshold decrcase at 400 nm and 800 nm.  Based on our
current data at five wavelengths (Fig. 3) it is ditticult to
say if the ablation threshold is a smooth, continuous
function of wavelength or it'it consists of two straight-line
regions with different slopes. ~ T'wo straight-line fits in
respectively, the opaque and transparency regions, would
cross in the close vicinity of the bandgap wavelength of
InP.  Clearly more data is required to determine if the
bandgap energy constitules a break point in the wavelength
dependence.

Recently, damage threshold measurements lor Si
were reported [15] in o range from 780 nm in the
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absorbing region. to 2200 nm wavelength in the
transparency region of the spectrum. An increase of the
damage threshold with wavelength was observed, ranging
from about 300 mJ/em? at 800 nm to 800 mJ/em? at 2200
nm. The silicon results arc qualitatively consistent with
our findings for InP. The wavelength dependence of the
ablation threshold was addressed by Gamaly et al. [16]
who derived simple analytical expressions for the
theoretical values of the ablation threshold for metals and
dielectrics. Their two expressions predict lincar
dependences of the ablation threshold on the laser
wavelength.  The theory was in good agreement with
experimental results obtained by Perry er al. [17] on fused
silica. Simanovskii ef «f. [18] have recently reported mid-
infrared (4.7-7.8 um) optical breakdown measurements in
narrow-bandgap  (ZnS. ZnSe) and wide-bandgap (LiF.
MgFa, CaFy BaF,) diclectrics. For the wide-bandgap
dielectrics, they found a substantial decrease in the
breakdown thresholds with increasing wavelength in the
mid-infrared region, while corresponding values for the

narrow-bandgap materials were essentially independent of

wavelength. In the visible region, the threshold for wide-
bandgap diclectrics increased with wavelength, while in
the same region the values for ZnSc were largely
independent of the wavelength.

The theorctical analysis  of the wavelength
dependence  of  the ablation  threshold  requires
consideration of the absorption and (ransport processes.
The absorption processes determine the “initial” density
and the spatial protile of the excited carriers. The primary
mechanisms for carrier generation and energy deposition
in semiconductors are single and multi-photon excitation
as well as free carrier absorption and impact ionization.
Two-photon absorption is  particularly important in

irradiation with intense femtosecond pulses [19.20.21). If

the effects of free carriers are neglected, the effective
absorption coeflicient can be written as [21,22,23.24]:
oy =0y, + -1 (1=R), where @, and [} are one and
two-photon absorption coeflicients, /, is the incident laser
intensity, and R is the small signal: reflectivity. In the
presence of two-photon absorption the eftective absorption
cocfticient increases and can lead to deposition of the
energy over a significantly shorter distance, For example,
using the optical constants of InP at 800 nm {25]. =90
enVGW [23,26), and /, = 10" Wien?, yields ay = 100
nm, which is smaller than linear optical penetration depth
at 800 nm () =303 .am [25]). Free carrier absorption
under near-ablation-threshold fluences can be expected to

lead to characteristic depths of the same order as given
above, and hence must be included in a quantitative
analysis. In addition to optical absorption, the subsequent
carrier dynamics will influence the ablation threshold
[21.27]. For example, Bulgakova et al {28] have recently
treated clectronic transport and its implications for
ultrafast laser ablation in a wide range of material types. In
particular, they point out the distinction of dielectrics
versus metals and semiconductors in terms of the laser-
induced charging under femtosecond laser irradiation of
materials.

Several interesting morphological features were
observed in the AFM analysis. A peak seen in Fig. 4(a)
just below the ablation threshold can be related 1o melt
flow as discussed by Bonse ef of. [6] and Bennett er al.
[29]. We observed similar features at other wavelengths
near the ablation threshold. An important aspect of the
AFM data is the pronounced discontinuity in the fluence
dependence of the crater depth in the vicinity of the
ablation threshold (Fig. 4). A sudden increase in the
ablation rate just above threshold has been previously
reported, for example, after single pulse ablation of GaAs
{30]. The final state of the material tollows the behavior
expected on  the basis  of ultrafast time-resolved
microscopy studies [31]. Hashida e al. {32] reported rather
rapid changes in the ablation rate of copper near thresholds
under mulii-pulse irradiation conditions.  In  studies
utilizing time of flight mass spectroscopy the threshold off
ablation was characterized by a sharp increase in the
number of detected particles {33.34]. Several theoretical
investigations of laser induced melting and ablation have
utilized  molecular  dynamic  (MD)  simulations
[35.36.37.38,39]. Schiifer er ol [38] have studied the
ultrafast laser ablation of metals using a hybrid approach
involving MD and heat conduction: In their simulation
they obtained an ablation rate which rose very rapidly
when the ablation threshold was exceeded.  This increase
was attributed to a spallation process. Perez and Lewis
utilized u two-dimensional MD model to study ablation
mechanisms [39). The suthors identified several processes
of material removal, including spallation, phase explosion.
fragmentation and vaporization. The discontinuity in the
fluence dependence of the crater depth near the ablation
threshold was also attributed to cjection of material by
spaltation, Our results on InP are similar to those obtained
vin MD models; for example, see Fig. 21 in Refl [39].
However, the model was not believed to adequately
describe non-thermal melting of covalent solids. More
recently the MD simulations of ablation processes in Si
were presented [40]. The authors concluded that phase
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explosion is the primary mode of femtosecond laser-based
material removal in semiconductors at flucnces close to the
ablation threshold.

An inner surtace teature, similar to that seen in Fig
1(b) for §, = 550 mJ/em’, has previously been reported in
femtosecond ablation of InP with 800 nm pulses {6]. The
morphology and structure of this feature were studied by
optical and micro-Raman spectroscopy, and the authors
associated the [ormation of ihis feature with the
reerystallization of the molien - semiconductor. ~ The
threshold fluence. determined by D7 fitting, was 1300
ml/em’, D’ fitting of our data at 800 nm yields a
threshold fluence for the inner feature of 770 ml/eny’. The
threshold values arc in reasonable agreement, considering
the experimental uncertainties and  the  different
experimental conditions as discussed above. As noted in
the results section, D7 fitting of the inner feature gives a
larger spot size than D’ fitting fo the outside crater
diameter in the low fluence regime.  This discrepancy is
most likely a result of mass transport.  As the fluence is
increased, a significantly larger volume of material is
melted. - Tight focusing leads to steep temperature
gradients in the lateral dimensions, and duce to the
possibility of hydrodynamic How {29]. the final surface
morphology is not expected to be  an  accurale
representation of the tocal fluence.

The existence of low and high {luence ablation
regimes has previously been reported in femtosecond laser
ablation of metals [41.4243], ceramics [44.45], and
semiconductors [10.46, 47]. For example. in our carlier
work on the micromachining of grooves in InP with 800
nm laser pulses [10], fit parameters were obtained for two
ablation regimes, and the onsct of the high fluence regime
was apparent for values ~1000 ml/em’. However, the
previous studies were based on multiple pulse irradiation,
while the results presented in this study indicate that the
two ablation regimes are also observed with single pulse
irradiation, Although the current evidence is not generally
as compelling as observed in the machining of grooves, it
seems to rule out the cumulative effects, which play an
important role in multiple pulse ablation [46.48]. Ablation
in the second fluence regime was not studied in detail and
the understanding of the underlying physics is still lacking,
The two ablation regimes have been discussed for metals
in the framework of the two-temperature model [41] where
the final depth of the crater is related to characteristic
depth of the energy deposition.  According to the modei
the energy deposition profile in the low and the high
fluence regimes is determined respectively by the optical

penetration: depth and electronic heat conduction depth.
For semiconductors, Bonse ¢t «l. [23] have reviewed
multi-pulse data for ablation of’ Si and InP over a wide
tluence range and suggested various physical mechanisms
for the enhanced ablation yield at the higher fluences. 1t
should be noted that our high fluence data rcaches
intensities associated with plasma formation [31,34.49],
Recently, Roeterdink ef af. [49) presented the analysis of
time of flight ablation of Si(111) (160 fs. 800 nm) in the
fluence range > 1000 mlem®.  The authors presented
experimental evidence of Coulomb explosion and plasma
formation.  In contrast, theoretical “calculations and
experimental results of other authors [28,50] suggest that
Coulomb explosion only occurs in ablation of dielectrics.
Discussions of the physics and  experimental
interpretations are on-going [51,52].

Summary

In summary, we presented the first detailed
measurements of the wavelength  dependence of the
ablation threshold of InP over a wide photon energy range,
Based on the discontinuity in the maximum crater depth
(and equivalently the crater volume vs. fluence), the
ablation threshold was found to vary from 87 mJ/em’ at
400 nm 10 250 mJ/em® at 2050 nm. This data can provide
benchmarks for theoretical work aimed at predicting the
wavelength dependence of the ablation threshold  for
compound semiconductors. A sharp discontinuity of the
depth-versus-fluence behavior observed at all wavelengths
is analogous to a number of other experimental results. and
to recent results obtained from MD simulations showing
spallation  effects  for  femtosecond-laser  irradiated
materials. Finally, our results provide evidence for a two-
regime description for the ablation of InP over a wide
range of laser tluences,
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Although the investigation of the wavelength dependence of the ablation threshold
was the main goal of this study, AFM data acquired contains more quantitative
information about the ablation process. Several possibilities for further data analysis and
experiments can be considered.

The functional dependence of the ablation threshold on wavelength requires
further experimental and theoretical work. Experimentally it would be particularly
interesting to extend the measurements to wavelengths in the mid infrared to better
characterize the dependence of the ablation threshold in the transparent region of InP. A
detailed theoretical treatment is required to gain a better understanding of the nonlinear
absorption channels, the role of free carriers, carrier diffusion and energy transport prior
to the ablation process. The knowledge of the absorption profile is necessary in
calculations of the theoretical ablation threshold of the material and crater profiles.
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4.4 Paper 3 — Subwavelength ripple formation on surfaces of
compound semiconductors irradiated by femtosecond pulses

This paper presents studies of laser induced periodic surface structuring (LIPSS)
on InP, InAs, GaAs, GaP, Si, Ge and sapphire after multiple pulse irradiation with
femtosecond pulses centered at wavelengths of 800, 1300 and 2100 nm. In addition to
classic LIPSS with a spatial period comparable to the laser wavelength additional periodic
surface structures were observed with a spatial period 4.2 — 5.1 times smaller than the free
space wavelength of the incident radiation. Conditions required for the formation of these
high spatial frequency LIPSS (HSFL) were identified. The study was complementary to
observations of similar patterns reported on dielectrics and ceramics after irradiation with
femtosecond pulses [59 — 64].

[ would like to acknowledge very useful discussions with Dr. J. S. Preston who
suggested extension of the initial experiment on InP to Si in order to study the effects of
lattice symmetry on formation of HSFL. I also would like to thank Dr. J. E. Sipe and Dr.
J. F. Young for helpful comments.



54

Ph. D. Thesis by Andrzej Borowiec, McMaster University, Department of Engineering Physics

APPLIED PHYSICS LETTERS

VOLUME 82, NUMBER 25

23 JUNE 2003

Subwavelength ripple formation on the surfaces of compound
semiconductors irradiated with femtosecond laser pulses
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High-spatial-frequency periodic structures on the surfaces ot InP, GaP, and GaAs have been
observed after multiple-pulse femtosecond laser irradiation at wavelengths in the transparency
regions of the respective solids. The periods of the structures are substantially shorter than the
wavelengths of the incident faser fields in the bulk materials, In contrast, high-frequency structures
were not observed for laser photon energies above the band gaps-of the target materials. © 2003
American Institute of Physics. [DOL 10,1063/1.1586457]

Coherent surface structuring atter laser irradiation of sol-
ids, also termed ripple formation, was first observed by
Birnbaum® -on various semiconductor surfaces. Since then,
laser-induced perindic surface structures (LIPSS) have been
reported on virtuatly all materials.®~'* In many cases, after
irradiation a1 normal incidence, the period of the observed
structures is close to the wavelength of the incident radiation,
with ripples oriented perpendicular o the direction of the
electric field. However, reports of periadic structure forma-
tion with spatial period much smaller than the laser wave-
length have recently been published.” ¥ Varel et al.'? pre-
sented images of ablation craters produced en sapphire under
multiple-pulse irmdiation conditions (200-fs, 790-nm pulses)
where patterns resembling higher spatial frequency ripples
can be seen in the annular region see Fig. 1e) in Ref. 13).
Ozkan er al™ found ripples with periods ~50- 100 nm re-
sulting from 248-nm femiosecond faser ircadiation of thin
diamond films. Yasumaru eral' reported formation of
ripple patterns with mean periods of 100~125 and 30~ 40 nm
on TiN and diamond-like carbon after irmadiation with 800-
and 267-nm femtosecond pulses, respectively.

We have extended the scope of these investigations to
other materials and laser wavelengths, Our aser-irradiation
studies were performed on (100} InAs, InB, Gal’, and Si with
femtosecond pulses at wavelengths of 2100, 1300, and 800
mm, and selected experiments were also conducted on (111)
Ge, (100) and (110) GaAs, and sapphire samples (cut per-
pendicular to the c-axis). Under specitic conditions, we ob-
served the formation of  high-spatial-frequency  LIPSS
(HSFL) on InP, GaP, GaAs, and sapphire, where the period
of the LIPSS is significanly smaller than the wavelength ol
the incident light. Classic low-spatial-frequency  LIPSS
(L.SFL), with a spatial period ¢lose 1o the wavelength of the
excitation pulse, were observed on all materials studied aler
irradiation with all three wavelengths,

A commercial 130-f5 Tizsapphire regenerative amplitier
was used to produce pulses at 800 am, while pulses in the
near infrared were obtained from an optical parametric am-

“Also with: Depanitient ol Enginecnng Physies, MeMaster Univensity;
electionic mak: borowial@ memaster.ci .
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plitier pumped by another commercial S0-fs Ti:sapphire re-
generative amplifier. Signal and idler beams at center wave-
lengths of 1300 and 2100 nm, respectively, and having pulse
durations of 50--100 5, were used. The samples were placed
inside a small vacuum chamber (~0.1 mhar hase pressure)
mounted on a precision, computer-controtled xyz translation
stage. A manual rotation stage alfowed positioning of the
sample around an axis normal to the sample surface in stud-
its of the dependence of LIPSS formation on the crystal
orientation. In this work, the number of pulses delivered to
the samples is limited to rather low vatues, typically 1-100.
This was achicved via a fast mechanical shutter synchronized
with the faser operating at 10 He. The linearly polarized laser
beam was focused on the sample at normal incidence by a
3% microscope objective, yielding spot sizes (heam radius at
e®) on (he sample surfaces of =3 zm at 800 nm and
~T W g 1300 and 2100 om. Atter irradiation, the sur-
face morphology was examined under a scanning clectron
microscope (SEM).

Single-femtosecond pulses with thience exceeding the
ablation threshold were found to leave smooth craters on the
surfaces, exhibiting a characteristic rim marking the ablaed
area, with no evidence ol LIPSS. The periodic surface struc-
turing appeared only after several consecutive pulses and
was found to depend on the matenial, the laser pulse fluence,
the total accumubated Quence, and the wavelength. As in pre-
vious studies,”"? LSFL were most pronounced after multi-
shot irradiation with single pulse Muenees in thie vicinity of
the ablation threshold. In our experiments, HSFL were also
observed, as illustrted for InP in Fig. 1. The figure shows
the morphology of two ablation eraters afler imdiation with
20 pulses at a laser wavelength of 2100 nm, for single-pulse
energies of 390 and 1100 n), The spatial period of HISFL is
~430 nm. The formation of HSFL on InP was observed only
after irradiation with 1300- and 2100-nm pulses, wave-
lengths corresponding 1o photon energies below the hand-
gap cnergy ol Ink, and with pulse fluenee below the single-
pulse ablation threshold. At fluences above the single-pulse
ablation threshold, following multiple-pulse irradiation, the
dominamt features were the: LSFIL [Fig. 1], with: spatial
periods close 1o the free space wavelength of the excitation
pulse,

Figure 2 presents HSEL and commonly observed 1.8F1.

© 2003 American Institute ol Physics
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FIG. 1. Surface momphoelogy of (100} InP after iradiation with 20 pulses at
2100 nin and pulse eneryivs of (1) £, =390 nJ and (b} £, = 1100 nl. Ripples
are perpendicular 1o the direction of the electrie field. Some residual HSFL
can stll be seen on the outer perimeter of the langer feature, where the local
thuence 15 below the single-pulse ablation threshold.

formed on Gal’ after irradiation with 800-, 1300-, and
2100-nm pulses. AH three wavelengths are in the transparent
region of GaP, The images were taken from central areas of
the irradiated regions and were achieved under fluence con-
ditions where respectively the HSFL and LSEL are the domi-
nant structures. Figure 3 shows images of GaP, InP, InAs,
and Si after irradiation with a 2100-nm beam, 20 consecutive
pulses, and pulse fluences near the respective ablation thresh-
olds. HSFE. form rapidly in GaP and InP, appearing after a
few consecutive laser pulses. In contrast with GaP and InP,
which are both transparent at 2100 nm, no trace of HISFL
was found on the surface of InAs, which is opaque at 2100
nm. Furthermore, no HSFL were revealed via SEM on Si
(Fig. 3) under these conditions, norat 2100 nmon a (111) Ge
crystil, despite the fact that both are transparent at that wave-
tength. The spatial periods of LIPSS were determined by
taking the Fourier transforms of the images. All results are
summuarized in Table {, where the error in the period mea-
surement is ~10%, which includes the calibration uncer-
tainty of the SEM.

As can be seen in Table [, the period of LSIL does not

FIG. 2. HSEL (lett) and LSEL (nght) formd on the surface of (1040) GaP
afler teradiation with (a) 800-pm, (b) 1300-nm and (&) 2100-um femtosecs
ond pulses.
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FIG. 3. SEM images of (100) (a) GaP, (b) Inl, (¢} lnAs, and (d) St surtace
after wmadistion with 20 consecutive pulses at 2100 nim near the nespective
ablation theesholds.

precisely correspond 1o the laser wavelength. Deparntures of’
the LSFL period from the incident wavelength have heen
observed previously. For example, Dumitra er al® found
ripples with a period of 600 630 nin with 150 s, 800-nm
pulse ablkuion of ultrabard materials. In addition, 650
750-nm LIPSS periods were observed in 800-nm, femtosec-
ond ablation of 8i.'* The period of our HSEL on H1-V semi-
conductors is 4.2 5.1 tmes smaller than the  laser
wavelength, These values are somewhat greater than A/72n
(the second harmonices of the incident wavelengths (A inthe
unirradiated materials with indices of refraction n). For ex-
ample, under 2100-nm laser irradiation, the second harmonic
wavelength in Gal® would be 345 nm, compared to a 410-nm
ripple period measured experimentally. Similarty, the period
of HSFL on sapphire wis =260 nm, close to the second
harmonic wavelength of §00-nm light in‘the solid (226 nm),

TABLE L DPeqods of HSFL and LSFL funned on vanous matenals at laser
wavelengths of 800, 1300, and 2100 nm. The results are given for sinilac
multiple-pulse iradiation conditions for the respective samples. For a par-
ticubar matenial, the values of spatial periods are averages of a number of
wdividual measuretients. Symbols: () no igh-lrequency stiucture ob-
served: () no experiment attenmpted.

Spatial penidd of LIPSS
at given wasclength A

A R00 am A= L300 nm A= 00
(1.55 V) (0.96 V) {0.59 aV)
Band gap

Material (V) HSEL LSFL USFL ISP HISEL LSPL
St A1 . 650 . 1050 - 1600
luAs 0.3§ . 00 - 11ov - 1800
Tal® 1.38 . 680 MO U500 430 1750
GaP 2.26 10 630 00 HINU 410 1000
GaAs L4} i : 470 1630
G 0.67 : i ‘ ! - 180
Sapphate 8.7 260 730 ; : : :
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We also conducted preliminary experiments on the crys-
tal orientation dependence of HSFL formation on (100) and
(110 GaAs for a laser wavelength of 2100 nm. Within the
set of parameters investipated, the formation ot HSFL was
found to be independent of the crystal orientation relative to
the polarization of the incident beam, as in the formation off
LSFL.? However, the null result should be considered in the
context that the present SEM measurements do not charac-
terize the amplitude of the observed features. Additional ex-
periments are planned in order to conlirm this conclusion.
The insensitivity of” HSFL. to crystal oricntation of the
HI-V semiconductor 1argets suggests that second-harmonic
generation in the bulk of undamaged semiconductors does
not play a key role, despite the approximate correspondence
of some of the HSFL periods and laser sceond-harmonic
wavelengths. However, the compound materials are expected
to undergo rapid moditication during multiple-pulse irradia-
tion. Thus the near-surface region in the modified materials
might facilitate harmonic generation and explain an oriema-
tion inscnsitivity. Initial defects or suhsequent laser-induced
modilication possibly also explain recent observations in the
literature on single component diamond-like systems, "
Ozkan er al.™ reported subwavelength laser writing on dia-
mond crystals and microclusters under multiple-pulse irra-
diation-with a higher number of pulses than wtilized here.
Yasumaru ef ol investipated BSEL formation on diamond-
like carbon and obtained structures very analogous to those
described in the present work., The sample guality (defect
density, surface roughness) and specitic processing condi-
tions (pulse fluence, number of pulses) might represent key
differences between observations on diamond-like systems
versus our preliminary investigations on the centrosymawetric
crystals Si and Ge. The extent of material segregation or
preferential loss of the more volatite element for compounds
and the role of material impertections tor single-component
samples should be examined in follow-up studies. Further-
more, high-intensity femtosecond light pulses propagating in
media are subject 1o @ number of nonlinear effevts,” compli-
cating arguments based on the initiat optical properties of the
sample. Detailed analysis should include behavior of the di-
electric function of the materials under intense excitation,™
In summary, we have observed rapid formation of high-
spatial-frequency  laser-induced - periodic surface strucheres
on the surfaces of crystalline compound semiconductors
(Inb, Gal*, and GaAs) and sapphire, HSFL were formed after
femtosecond pulse- irradiation in-the transparency region
A requirement of one-photon transparency  has  been
cstablished. In addition, the present work has clucidated
a difference between Siand Ge versus selected HI-V sei-
conductors  under  the  multiple-pulse irradiation  range

A. Borowiec and H. K. Haugen

explored here. Qur study complements the observations of
Refs. 13135 by extending the target materials to technologi-
cally important semiconductors. The exact mechanism - of
formation of these patterns is still very much an open ques-
tion, requiring a detailed theoretical analysis and more ex-
perimental studies. Experimental extensions encompassing
for example, non-normal incidence, characterization of the
ripple amplitudes and stoichiometry, and using a much
broader range of laser parameters, should lead 10 a better
understanding of the underlying physics. In -addition to
purcly fundamental interest, the appreciation of high-
frequency ripple formation is potentially important for a
number of emerging applications in nanotechnology.

Note added in proof. The authors very recently became
aware of additional studies on wide band-gap diclectrics
which are complementary to our present work on compound
semiconductors. The reader is referred to Q. Wu er al, Appl.
Phys. Lett, 82, 1703 (2003), and F. Costache et al., Appl,
Surf. Sci. 208=209, 486 (2003), and references therein.

The anthors thank J. 8. Preston, J. E. Sipe, H. F. Tiedje,
and J. E Young for helpful comments. They would also like
to acknowledge finuncial support from NSLRC and CFI
(Canada), and MMO and OI'F (Omario).
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The paper outlined the conditions required for formation of HSFL on the surfaces
of compound semiconductors. Several speculations as to the physical mechanisms
responsible for formation of these structures were also proposed. However, to date, a
satisfactory explanation of this phenomenon has not been presented. In contrast to
findings presented in this paper, structures resembling HSFL were recently reported on
the surface of Si irradiated by a large number of femtosecond pulses (N > 2:10%) in
ultrahigh vacuum at 800 nm [94,95]. The spatial period of the ripple structures reported
in Ref. 94, 95 was ~200 nm and the ripples were oriented parallel to the direction of the
electric field of the incident pulses. The authors proposed that the patterns originate from
surface instabilities, relaxing via self-assembly and ruled out modulated energy input
caused by interference, which leads to formation of low spatial frequency LIPSS (LSFL).
Preliminary experiments conducted in our laboratory involving irradiation of a Si surface
with a large number of pulses, in the transparent region, under rough vacuum, also
revealed complicated forms of structural patterning [96]. The patterns observed on Si did
not resemble the HSFL reported in Paper 3 or in Ref. 94, 95. One important question
which needs to be answered is whether the patterns originate from self-assembly as
proposed by the authors in Ref. 94, 95 or if they are driven by the laser field.

The follow up experiments should include the analysis of HSFL formation after
irradiation with a laser beam at various angles relative to the surface normal. Formation
of LSFL exhibits a definite wavelength dependence and the period of the ripples scales
with the angle of incidence of laser beam relative to the sample surface. As shown in this
paper the spatial period of HSFL on III-V semiconductors also scales with the wavelength
of the incident light. The wavelength dependence of the HSFL spatial period was also
reported on TiN and diamond like films irradiated by femtosecond pulses at wavelengths
of 800 and 267 nm [64]. Therefore, experiments with non-normal incidence irradiation
are a logical follow up. Further experiments should also address the dependence of ripple
formation on the polarization of the beam, for example, an extension to circular
polarization and rotating linear polarization [97].

The microstructure and chemical composition of HSFL can be investigated by
plan-view and cross sectional TEM. Chemical segregation of the compound
semiconductors and crystal defects could result from multiple pulse irradiation and
influence HSFL formation. At the time of writing of the thesis, several InP samples
irradiated with femtosecond pulses centered at 2100 nm were prepared for cross sectional
TEM investigation. Three craters, produced with a 1, 5 and 20 consecutive pulses, were
selected for detailed cross-sectional TEM investigation. The evolution of the
microstructure, chemical composition and potential defects beneath the surface will be
investigated.

In addition to fundamental interest, coherent surface structuring has important
implications for practical applications. On one hand formation of HSFL and LSFL might
limit the precision of laser micromachining and therefore it is important to devise
methods for limiting this behavior. On the other hand, in some applications it might be
desirable to prepare a corrugated surface, for example, in manufacturing catalysts or in
fabrication of diffractive optical elements.



Chapter 5

Micromachining of Grooves in InP

5.1 Introduction

This chapter is based on three previously published papers, which describe the
experiments dealing with micromachining and analysis of grooves machined in InP by
femtosecond and nanosecond laser pulses. The work reported addresses issues more
closely related to potential applications of femtosecond laser pulses in scribing and dicing
of InP or other semiconductors. These issues include the following: analysis of the
ablation rates, the geometry and the morphology of the grooves, and the effects of the
machining process on the surrounding material. The reprints of the contributions are
preceded by short introductions. Additional comments on each paper with possibilities
for follow up investigations are included at the end of each section.

5.2 Paper 4 -Femtosecond micromachining of grooves in InP

This paper deals with the analysis of the ablation rates, and the geometry and
morphology of grooves micromachined in InP by femtosecond laser pulses.- Although the
concept behind these experiments is straightforward, at the time of the investigations
there were no analogous reports of systematic characterization of femtosecond laser
micromachining of InP or other semiconductors. The work presented in this publication
is a natural extension of single and multiple pulse experiments presented in Chapter 4,
and by other groups [53,55,56], involving irradiation of stationary samples. In this paper,
the effects of pulse energy, feed rate, number of consecutive passes over the same area,
and the polarization of the beam relative to the cutting direction were investigated. The
results were discussed in terms of results obtained from single and multiple pulse
irradiation and in the broader context of femtosecond laser machining of other materials

I would like to acknowledge my lab colleagues Dr. Henry Tiedje and Travis
Crawford for helpful discussion in all aspects of this work and for critical proofreading of
the manuscript.
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ABSTRACT Femtosecond laser micromachining of indium
phosphide is investignted using 15005 fight pulses at i center
wavelength of 85X . The ablation rate For micromachining of
arooves is investigated as a function of pulse energy, feed rute,
number of passes over the same groove, and the light polariza-
tiom reltive to the cutting direcdon. A fogarithimic dependenee
of the groove depth on the laser Tuence is observed with two
regimes characterized by ditferent abltion rates und difterent
thresholds. The groove depth is Tound o be inversely propor-
tional o the feed rate or equivalently lincarty proportional o
number of pulses defivered per unit area. With mudiple prsses
over the same groove the depth inereases lincarly ap 1o about
20 conzecutive passes, Above 20 passes the ablaton rate Je-
crewses unbl a deptl Emit s approached. The best resalts in
terins of groove geometry and depth limit are obtoned with the
podarization of the bewn perpendicutar 1o the cutting direction,

PACS 42.62.C°1 79.20.Dy, X120 Wk

I Introduction

Laser-based processing of semiconductors has
long been an area-of intense investigation due to its 1echino-
logical importance. Much carly work was aimed at faser -
sistednneating of fon implanted Siand the experiments were
performed with nanosecond and continuous wave lLisers | 1].
The development of uliratast biser sources has stimulated
interest in the application of sub-nanosecond Jasers for nod-
ification of semiconductors [2]. Inially the research was
mainly aimed at the study of ultratast pliase trmsitions and
lattice dynamics under intense excitation [3,4] With rapid
weehnological advances in ultratast laser technology, the
tremendous potential of femtosecond liser pulses as i mate-
rial processing tool has been demonstrated by many groups
(see ., [S-10]). Now ubtrafast Laser techaology has enterad
the industrial market and there is an increasing ueed for sys-
tenrtic - analysis and characterization o various materials
machined by femiosecond lasers, In practical applications
o0 Fax: +908-527 78400, E-mail: botowia@omemasteea
"Also with the Depastinent of Physics aml Asuonomy, the Biovkhonse
Institute for Materialz: Research, and the Centre tor Electiophotonic Ma-
tentals and Devices: MoMaster Universaty

such as drilling, cutting or seribing., vne must find a set ol pa-
rameters which provide the desired results under particular
processing constraints, The laser parameters typically in-
clude pulse energy, repetition rate, feed rate, spot size, pulse
duration and faser wavelength. Typical constraints include
material propertios, desired feature quality, feature size, and
thronghput. o this work we present the study of microma-
chining of grooves in Inf by 130 15, 80U nan laser pulses with
an emphisis on the chiaricterization of ablation rates, geom-
etry and morphology of the machined features. InPis o widely
used -V compound semiconductor especially in optoelec-
tronic and high-speed electronic applications, The electronic,
optical and physical propertios of InP have been studied ox-
tensively [THL The work presented here is an extension off
experiments mvolving single and multiple pulse abltion of
Ini? recently reported by a few groups [ 12, 13]

2 Fxpevimental Setup

The machining experiments on InP were per-
tormed with a commercial || Kz amplitied 11 sapphire
Faser system (Spectri Physies Spittire). The faser produced
22 1801y pulses centered around a wavelengih of SO0 nm. The
laser was focused on the sample by a S x microscope objecs
tive (Newport M-S < toaspot size of oo, = 5 o (beam eadius
measured at 1200, The Fa-ficld intensity distribution after
the objective was measured with a CCD beam profiter (Ophir
BeamStary and to a good approximation followed o Gissian
distribution, The pulse cuergy on the sample wis adjusied
with a vombination of o hatf=wave plite and a thin Gl pokae-
tzer followed by a setof thin metallic neatral density filters.
b most experiments the pubse energy was fess than 2 ik, The
pulse energy wits imeasured with a calibrated semiconductor
power meter (Ophir PD300-3W)0 A uneertainty in the tin-
ence messurement o approximately £20% isaributed o the
faserenergy fluctuations and uncertainty in the sput size mieas-
urements. Ink walers (Acrotee) were pliced mnside @ small
vacuum chimber (p 5 0.0 mbar) mounted on it precision.
computer-controlled vy transkition stage with step resolution
of Tess than 1y and @ maximum finear speed of 1000 jpi/s.
Sets of paralict grooves were cut in samples of (100) 1
under virious conditions, namely variible pulse cnergy, feed
rade, number of consecutive passes over e saime groove and
pokirization reltive o the entting direction. The machining
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process was monitored on-line with a confocal CCD cam-
era. Processed samples were cleaved perpendicular o the
grooves and the cross-section of the micromachined features
wits analyzed with a scanning electron microscope (Philips
SEM 515). The instrumental error in the depth measurement
wits approximately -£5%.

3 Results

Single pulse ablation measurements were per-
formed on-every sample to determine the spot size on the
surface and the ablation threshold | 14]. The results of these
single pulse measurcients arc usclul in the analysis of groove
cutting results. Single femtosecond pulses, with fluences
above the ablation threshold, produce craters on the surface
with a characteristic dm, which marks the boundary of the ab-
lated arca [12, 13]. In the analysis, the crater diameter (D),
measured to the outside of the rim, was measured as i function
of pulse energy (F,), and the ablation threshold pulse energy
(L) as well as the spot size (¢,) were determined by fitting
the data according to [12, 14

E
R P 0

D =2w;In ( Em) .
Under tight focusing conditions the rim thickness is signili-
cant compared to the total dimensions of the crater. Experi-
mentally it is most convenient to measure the diameter to the
outside of the rim. Following other morphological teatures,
such as the inside erater diameter will give somewhat different
threshold caergy. All crater measurements presented in this
work were measured (o the outside rim of the crater. With the
obtained fit parameters the peak fluence (@.) was caleutated
from the formula
2x E,

3
Ty

(H

o = Q)
The typical experimental data and the ficto (1) are shown in
Fig. 1. The uncertainties in the obtained it parameters reflect
only the uncertainty for the fiting routine. o this particu-
lar data sct the least squares fit yields a spot size of 5.1+
(1.3 pum. In a larger set of experiments perfonmed over a period
of months, the spot size varied from § to 6 jum. The varia-
tion is mainly attributed to the inherent uncertainty in sample
positioning with respect to the objective. From the diva we
obtain the single pulse ablation threshold fluenee ¢y (1) =
166 £ 8 mi/cm?, The average value of the ablation threshold
measured over a targe selof experiments yields the value ol
170 mJ fem?, which is slightly higher than our previously re-
ported value [ 16].

In addition 10 the single pulse ablation experiments, we
have measured the ablation threshold after exposure o multi-
ple pulses. The decrease of the ablation threshold with an in-
creasing number of pulses is well known and has been studied
in many materials including metals [17, 18], dielecirics [19],
ceramics [20] and semiconductors [12,21]. The decrease of
the ablation threshold is usually explained in terms of incu-
bation effects [ 194, The ablation threshold ¢y (N) after irradi-
ation with N pulses, is related to the single pulse ablation
threshold ¢ 1) by the relation {12, 17, 21)

i (NY = (1) x N1, 3)
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FIGURE 1 Squared diameter D of single pulse ablation craters as a func-
tion of the peak laser fluence (pulse energy ) and a least squares fitto (1) (solid
tine). Note that the erroe bars on the v-axis represent the uncertainty in pulse
energy measurement

where & characterizes the degree of incubation. The value
of & = | implies an absence of incubation with the ablation
threshold being independent of - the number of pulses. The
total accumulated fluence at the ablation threshold after 1, 5,
10, 20, 50 and 100 conseeutive laser pulses is shown in Fig. 2
along with the it to (3). The fit yiekds § =0.74£0.09. The
uncertainty in the dinmeter measurements of craters produced
by multiple pulse irradiation is greater than in single pulse
experiments since the ablation rim marking the perimeter of
the crater is abscured by surfice debris and periodic surface
structuring. This leads to higher uncertainties in the threshold
measurements and theretore a relatively large uncertainty in
the measured value of the incubation coetlicient &.

In the process of groove cutiing, the sample is exposed to
multiple pulses while being continuously transhated ot feed
rate v, It is convenient 1o express the feed rate in terms of
an effective number of pulses delivered inorder o compare

1ty T T
) .
g
g
2
=
§ wh .
g
<

lnl 1 1 I

1 10 100
Number of Pulses ¥

FIGURE 2 Accumulated fuence at the ablaton theeshold N > g (N as
a tunction of the number of pulses N delivered and a least squates 1it to (3
(solid liney



62

Ph. D. Thesis by Andrzej Borowiee, McMaster University, Department of Engincering Physics

BOROWIECet al. Femtosecond laser micromachining of grooves in indium phosphide

the results to stationary processing. The approximate relation
derived for the effective number of pulses incident along the
center of the groove (Nerr) is given by

7w,
Neg = ;w'-—)'[v (€]

where f =1 kHz is the repetition rate ot the laser. The ex-
pression was derived by calculating the accumulated fluence
of a scrics of pulses with a Gaussian intensity profile, peak
fluence of ¢, and separated by v/ £, the distance travelled be-
tween pulses, Itis important to point out that this is an approx-
imate refation and is not expected o be completely equivalent
to stalionary processing with N pulses. Nevertheless it is in-

struclive in a first analysis of the groove cutting results. In the

subsequent discussion, all the references (o the effective num-
ber ol pulses delivered are based on conversion of the feed rate
v to the effective number of pulses Neg via (4),

I the first set of groove culling experiments, the groove
depth was measured as a function of pulse energy (fluence) in
the range of £, = 20-2000 1J /pulse (o = 49-4900 mJ /cm?),
at feed rates of 100, 250 and 500 pumy/s. In all experiments the
polarization of the beam was linear and perpendicular to the
scan direction, unless explicitly stated otherwise. The results
are shown in Fig. 3 and selected SEM images of grooves are
illustrated in Fig. 4. The groove depth () exhibits a logarith-
mic dependence on the pulse energy (fluence) and can be fitto
an equation of the form

(pk\
[/ AR Iﬂ br .
o) = Iy x In (‘l’m)

where /i, and Py, are the fit parameters. The tit parameter &,
represents the groove depth at fluence e x @y (e =2.718..)
for a given feed rate. The average ablation depth per pulse
(1), at fluence e x dyy, can be obtained by dividing the groove
depth /i, by the eltective number of pulses calculated from
() and yields I =l /Ny, The iU pasameter &y, represents

(5

Pulse Energy [n)]
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FIGURE 3 Groove depth as a function of the laser fluence (pulse energy)
for feed vates of 100 (W), 230 (@) and 500 (A) pm/s. The solid lines are
the fit according to (5), Note that the error biars on the 1-axis represent the
uncertainty in pilse energy measirement

0.84

0.68

FIGURE 4  SEM images of grooves machined at feed rates of u 100,
b 250 and ¢ 500umy/s. Pulse encigies {1 for selected prooves are shown
in Fig, da. Note that cach iimage is @ montage of two separate SEM images

the generalized ablation threshold for grooves cut with spec-
ilied parameters. Two distinet regimes, with different slopes
and different thresholds are clearly seen in Fig. 3, especially at
afeed rate of 100 jun/s. Athigher teed rates, above 300 jum/s,
the second regime is evident il the pulse energy is extended
beyond 2 )5 however, with the current data set, a satisfactory
fitin the second regime was not obtained at this feed rate. The
two regimes are sometimes termed gentle and strong abla-
tion and this erminology will be adopted in the current paper,
Subscripts g and s will be used to distinguish ¢uantitics corres-
ponding to the two regimes where applicable. The oblained fit
parameters for the theee different feed rates in the gentle and
strong ablation regimes are summarized in Table 1.

o the next set of experments, the pulse energy (flu-
ence) was held constant it £, == 1060, 370 and 120 0J (¢, =
1900. 650. 210 mJ/em?) and the dependence of the groove
depth on the feed rate was investigated in the range of v =
50-1000 jum/s (Nae = 150 = 8). In this set of experiments,
the spot size on the sample surfice was measured to be 6.0k
0.3 um. The groove depth was tound to be inversely propor-
tional o the feed rate, scaling as ¢, Lquivalently, plotting
the same data as a function of the effective number of pulses

Gentle Ablation Strung Ablation

Feed Nets h N 1, ¢ Ey T he I Eu Py
Rate ] ol fo] fmdzem?) [unl (am) - [d) Jod/em?)
{nmys)

100 6l 28 M 3s 86 92 1H 1y 460
250 26 12 46 3 3 A6 100 130 320
500 1308 62 48 120 - - - -

TABLE 1
Fig. o (5

Summiry of the ft parameters obtained alter fining the data in
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calculated from (4) yiclds a lincar dependence ol the groove
depth on the effective number of pulses. The groove depth as
afunction of feed rate and effective number of pulses was first
fitted to the sitnple empirical expressions:

A
(0 ()= —
[}

(b) h(Vetr) = B x Negg (6)

where A and B arc the empirical it parameters which are sum-
marized in Table 2. The parameter B represents the average
ablation rate (ablation depth per pulse) at specitied pulse en-
crgy (Mucnce). For comparison [ 12], data was also fitted to (5)
with &g, approximated by ¢ (Nee) in (3) and by, replaced with
I % Nez. In the fitonly / was used as the free parameter, and
(1) and & were fixed at 170 mJ fem? and 0.74, respectively
obtained from single and multiple pulse measurements. ‘The
experimental data and the linear fit to (6b) (solid ine) and the
nonlinear fit to (5) with the above substitutions (dashed line)
are shown in Fig. S and the SEM images of some of the corres-
ponding grooves are shown in TFig. 6. The values of { obtained
for pulse energics (fluences) of E, = 1060, 370 and 120 nJ
(tha = 1900, 650, 210 mI/em?) are [ = 90,50 and SO nm,
respectively.

In cases where the desired groove depth or the groove
ceometry cannot be attained with asingle pass, several passes
over the same region are required. Inthe third set of experi-
ments, the dependence of the groove depth on the number
of conseeutive passes over the same groove was investigated
with pulse energy (fluence) £, = 1060, 370 and 120 nl/pulse
(s &= 1900, 650,210 md/em?) and feed rate v = SO0 pum/s.
The results are shown in Fig. 7 and the corresponding SEM
image of the grooves are shown in Fig. 8. The depth of
the grooves increases lincarly with an increasing number
of passes over the same groove up 1o about 20 consecutive
pisses as seen in Fig, 7a. The removal rates for pulse en-
ergies of Eo= 1060, 370 and 120n]/pulse are 2.4, 1.2 and
0.6 jun/pass (8 = 160, 80 and 40 nm/pulse) respectively. Be-
vond approximately 20 passes, the feature depths increase at
a slower rate until an asymptotic depth limit is reached as
seen in Fig. 7b."lo a good approximation, the depth limit was
reached after 100 consecutive passes at all pulse energies in-
vestigated. The depth limit exhibits a logarithmic dependence
on the pulse energy (fluence) and can be titted very well to (3),
Figure 9 shows the plot of the groove depth cut at feed rte of
500 pum/s and 100 passes/groove, as a function of pulse en-
ergy (luence) and the fit (o (5). The two ablation regimes are
clearly seen, with the point of inflection around 1 1/em? and
the it parameters iy = 1721 pmand Py =732 5m) Jem?
in the gentle regime and oy =422 3un and &y =250+
30 mJ/em? in the strong ablation regime,
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FIGURE 5 Groove depth as a function of feed rate u and the effective num-
ber of pulses b caleulated with (1 for pulse energies £, = 1060 (), 370(@)
and 120 (&) nf/pulse, The solid line represents a fit according o (6a) and
(6b) and dashed Tine [t 10 (5) with substitutions specified in the text
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FIGURLE 6
350 /s and pulse energies of w 1060, b A70, and © 120 n /pulse

- SEM images of grooves cut at feed rates ranging from S0 to
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FIGURE K SEM images of grooves cat with. w1060, b 370 and
© 120 nl/pulse, cutting speed of 300 jun/a and number of consecutive passes
ranging from 1 to 80. The number of passes for each groove is indicated onc.
Note that each image 15 & moutage of three separate SEM images

Pulse Energy [nJ]
100 {000

T T

g

g B
N

E 130} i ]
5 120f o ]
B o] M ]
= 5
g 5o} / 1
P
O 60 . p
vl(/
0 v E
20+ ul).(//}.‘ 4
1] =-").(’ ,/
100 1000 10000
Encrgy Fluence {mJ/cm'}
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FIGURE 10 Three trenches et wuh 370n)/pulse at 500 pum/s and
100 passes/groove with polanization varied from (efty paralle to the cunting
direction, (mikdle) perpendicular, and (right) vireular polarization

The polarization of the beam relative to the cutting diree-
ton is an important Factor, especially in multiple pass cut-
ting, Figure 10 shows an SEM image of three trenches cut
in a separate experiment with F, = 370 0 /pulse, 100 passes
per groove, cut at 500 um/s with (left) fincar polarization
parallel, and Gniddle) perpendicular 1o the cutting direction;
and (right) with circular polarzation: Under our experimen-
tal conditions the best results, both in terms of the depth limit
as well as the groove geometry, were obtained with a polariza-
tion perpendicular to the cutting direction.

4 Discussion

We have preseated the results of femtosecond mi-
cromachining of InP with an emphasis on measurement of
the dependence of the groove depth or ablation rate of Inl
on the pulse energy (fluence), feed rate, and number of con-
seeutive passes over the same groove. The data for the groove
depth versus the laser fluence can be fit by a logarithmic
dependence - with two regimes characterized by different
ablation rates £ and different ablation thresholds @y, o the
gentle ablation regime, below a luence of 1 1/em® and with
afeed rate of 100 jun/s (Neg = 64), average ablation depth at
e x Py, Ly 44 nm obtained from our measurements is in
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good agreement with values published by other authors. In
similar experiments involving micro-hole dritling in InP
Bonse et al. [ 12} obtained a vatue of [y = 30 nm by measuring
the depth of ablation craters produced by N = 100 consecu-
tive pulses as a function of pulse energy in the fluence range
o = 0.5-51] Jem?. The difference in the measured ablation
rate could be accounted for by somewhat dillerentexperimen-
tal conditions, "I'he most significant dilference is the fact tha
in our cxperiment the sample is continuously translated while
all experiments performed by Bonse et al. involve irradiation
of stationary samples. Also in our experiment, we utilize tight
focusing with spot size typically below 6 jum and all of our
experiments were performed in vacuum. Experiments con-
ducted by Bonse et al. were performed in air with £ =60 mm
lens (wp == 23 )un) used as a focusing clement. Nevertheless,
within the experimental uncertainty the overall agreement is
good.

Liquation (3), used to (it our data, has the same form as
the well known expression for single pulse ablation depth
(see [22D, d(a) = u P Iilo/ihm). where « b is the optical
penetration depth. Tence, for fluences of a few times the
threshold value, the single pulse ablation depth {, would he
comparable to the optical penetration depth « !, In ablation
ol metals, the values of [ obtained by measuring the abla-
tion depth per pulse is typically close to the values ol ¢!,
lFor example, Nolte et al. [23] measured { = 10 nm in abla-
tion of copper targets (150 £s, 800 nn), compared 10 the opli-
cal penetration coeflicient for copper of « ™! = 13 . Preuss
et al: [24] performed similar experiments on nickel, copper,
molybdenum, indium, tungsten and gold with 500 fs, 248 nm
pulses. They obtained good overall agreement between the ab-
lation depth and the optical penetration coefticient for nickel,
copper and molybdenum, while values for indium, tungsten
and gold dillered by factor of 6, 4, and 3, respectively. The
value of ¢ ! for InP measured by spectroscopic technigues at
a wavelength of 800 nm is ¢ = 305 nm [25] and is an order
ol magnitude higher than vatues of [ reported in the current
study and by Bonse etal. {12]). Simifar results were previously
reported in ablation of i with 300 s pulses, at a wavelength
of 612 nm. Kautek and Kritger [26] reported single pulse ab-
lation depth of / ~ 100 nm in the gentle ablation regime for
Si compared to the optical penctration coetficient for Si off
o7 2.5 um at wavelength of 612 nm. However, the tech-
niques of optical penctration coefticient measurement involve
very low intensity sources. In femtosecond ablation, nonlinear
processes hecome important. Recent studies on GaAs reveal
substantiai changes of the diclectrie function under intense ex-
citation below damage threshold [27]. Therefore, in the case
of semiconductors, the nonlinear absorption must be taken
into account in order to make & comparison between [ and
« ' [21,26]. Furthenmore, in multiple pulse irradiation and
groove cutting experiments the semiconductor surface will
undergo chemical and structural chianges [ 16,28} atter the
first few pulses, which makes a comparison based on the ini-
tial sample properties less accurate.,

The existence of two ablation regimes was reported in
femtosccond ablation ol other materials, such as metals [23,
29,30}, ceramics [31,32] and dielectrics [33]. In our meas-
urements the value of 1 in the strong ablation regime is higher
than in the gentle ablation regime by a tactor of 2-3, The

measurcd values of both [ and &y, in the strong ablation
regime for InP are similar to values reported for ablation of
metals. For example, in experiments dealing with femtosee-
ond ablation of copper [23], Nolte et al. reported /s = 80 nm
and ¢ = 460 mJ/em? (150 15, 800 nm). Furusawz et al. [29].
measured /y = 103 nm and ¢y, = 397 mJ/em? in femtosecond
ablation ol'silver samples (120 Is, 780 nm) and Venkatakrish-
nan et al. [30] measured s = 71 nm and ¢y = 270 mJ/em? in
femtosecond groove cutting in gold films (150 15, 400 nm).

In experiments involving the measurement of the groove
depth dependence on the feed rate (effective number of
pulses), we observe an inverse dependence on the feed rate
or equivalently linear dependence on the eflective number of
pulses delivered. Our results are once again consistent with
micro-hole drilling measurements of Bonse et al. {12]. With
the fuence kept constant al ¢, = 650 ml/em® and groove
depth measured as a tunction of the feed rate in the range
v =-50~1000 jun/s {Neg = 150 —8) we measure the abla-
tion rate of B = 80 £ 5 nm/pulse by using (6b) to fit the data.
In micro-hole drilling experiments, with laser Huence kept
constant at ¢, = S80 mJ/cm? and crater depth measured as
a function of number of pulses (N = 8§ — 500), Bonsc ct al.
measured 18 = 86 nm/pulse.

The results for the groove depth dependence on the feed
rate (elfective number of pulses) were also fitted o (5) with
substitutions specitied earlier; however, a good fit was only
obtained for a pulse encrgy of E, = 1060 n). In this case, it
is important o point out that fitting data relies on the know-
ledge of the single pulse ablation threshold ¢ (1), the incu-
bation cocfficient (£) and the spot size (w,). Each of these
guantities carries substantial uncertainties and the combined
uncertainty in all of these quantities can change the value of
the fit parameter 1 by as much as £340%. Nevertheless, the
value obtained from the fit, [ = S0 nm lor £, = 370 nl.is con-
sistent with our previous measurements and with a value ob-
tained by Bonse et al. [12], 7= 33 nm, obiained under similar
conditions.

A linear dependence of the ablation depth on the num-
ber of pulses was observed in femtosceond ablation of other
materials. For example, in experiments on irradiation of var-
ious glasses, Lenzner etal, [34] found a linear dependence of
the ablation depth on the number of pulses for pulse duration
sarying from S 1o 500 s at faser fluence of 6.2+£0.7)/em?,
Single pulse ablation rates varied from 250 nm/pulse at S00 {5
to 125 nm/pulse at § 5. Ameer-Beg found an inverse depen-
dence of the groove depth on the feed rate, scaling approxi-
mately as vl in experiments dealing with ablation of fused
silica, Pyrex and silicon {35]. Damitru et al. [9] presented
results for fenmtosecond ablation of uitra-hard matecials, and
reported ablation rates of 175185, 125, 130 and 90 nm/pulse
for femtosecond ablation of tungsten carbide, titanium car-
bonitride, titanium nitride and diamond respectively at a -
ence of ~ 6.2 J/cm?, ‘The ablation rates in the high fluence
range are comparable o abladon of InP in the strong abla-
tion regime. With the Quence kepteonstant at ~ 1,9 1/em?, we
measured an ablation rate of 195 nm/pulse.

In machining deep grooves, the ablation rae decreases
with anincreasing number ol passes (pulses) and departs from
the linear dependence. The mechanism of this eftect can be
considered. As the trench depth inereases, it starls: (o act as
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a hollow waveguide. The initial pulse must first travel to the
bottom of the groove, where the majority of the ablation takes
place. During laser pulse propagation through the groove the
pulse energy decreases due to scattering and absorption. Con-
scquently, the energy available for ablation at the bottom of
the groove is diminished, resulting in a reduced ablation rate.
At some linal depth, the propagation losses are sulliciently
high to bring the pulse energy betow the ablation threshold.
Furthermore, with increasing depth material ablated at the
bottom has a greater probability of redepositing on the walls,
leading to an unavoidable taper, Similar hehavior has been ob-
served in femtosecond processing of different glasses {36].

All of the results in this paper were obtained under rough
vacuum conditions. However, in practical applications, it is
desirable to avoid potentially expensive and cumbersome vae-
uum equipment. The differences between machining in air
and in vacuwn are expected to be similar 1o the results ob-
tained by Wynne and Stuart [37] who investigated the rate
dependence of short-pulse laser ablation of metals in air and
in vacuum. They observed only a minor difference between
ablation rates in air and in-vacuum for shallow features with
a~ 1 | aspect ratio. With an increasing aspect rtio ~ 10: 1,
the difference became signiticunt with ablation rates in air
being 2-10 times lower than in vacuum depending on the ma-
terial. We might expect analogous eftects in micromachining
of semiconductors and such experiments could be a subject of
separate investigation.

The ablation rate (depth/pulse) inceeases with increasing
pulse energy, especially after the onset of strong ablation.
TTowever, this is also accompanied by an increased amount of
debris and redeposition of the ablated material in the vicin-
ity of the cut. ‘This is well iHlustrated in the SEM tmages in
Figs. 4 and 6. In the case of low feed rates ind high pulse en-
ergies, the removal of ablated material from inside the groove
is problematic and in many cases the expelled material solid-
ifies inside the groove, leading essentially 1o a scaled trench
(Fig. 64). ‘e debris accumulated at the surtace is less prob-
lematic and can be casily removed with methanol and lens tis-
sue oran ulteasonic bath. Surface debris might be problematic
in micromachining tightly spaced features as debris cjected
from the adjacent grooves might affect the cutting of subse-
quent grooves. Within the range of our experimental parame-
ters, the best results, in terms of groove morphology, geometry
and minimum material redeposition were obtained with low
pulse energies & Iy, high scan rates, and with i large num-
her of consecutive passes. Our current results suggest that
high repetition rate systems ~ 10-100 kHz employing high-
speed scanning mirrors or acousto-oplic deflection [38] would
be the most suitable for high speed precision machining, al-
lowing high throughput and the best feature guality.

In practical applications, the polarization dependence of
the cutting direction must be addressed. The dependence of
the ablation efticiency on the polarization direction is a well
known phenomenon in conventional laser cutting applications
where the cutting rate can vary by as much as a fictor of
two {39]. In the context of our experiments, we need (o con-
sider two cases, single and multiple pass cutting. Insingle pass
culling, the laser is incident at normal incidence relative 10
the cutting surface but at a glancing angle relative to the ero-
sion front. Al glancing incidenee, there is a distinet dillerence

between s and p polarization: s-polarization will suffer high
reflectivity losses, while p-polarization will be preferentially
absorbed giving rise to different ablation rates. For this rea-
son, many commercial laser cutting stations are equipped with
a /4 plate {391, to convert the beam to circular polarization
and to ensure that the ablation rate is unilorm in all directions.
The second situation encountered in our experiments is the
multiple pass cutting. {ere, the light incident on the surface
must first raved to the hottom of the groove where the majority
of the ablation takes place as discussed above. During propa-
gation thirough the groove, e fight will experience reflections
and scattering at the sidewalls. ‘The intensity of the reflected
light will depend on the polasization of the light relative 1o
the side walls. One might expect that s-polarization (relative
to the side walls) might yield betier results due to the higher
retlectivity and, therefore, better guiding: however, that is not
the case (as seen in Fig. 10). The trenches become asymmetric
with i characteristic bend near the bottom. Biirsch et al. [40]
observed similar ettects inablation and cunting of thin silicon
waters. The authors report substantial improvements in the
geometry of the exit hole when the polarization of the beam is
perpendicular to the scan direction.

The effects of polarization in femtosecond laser micro-
drilling of steel were reported by Nolte etal, [41]. The main
thrust of their experiments was the investigation of the geom-
etry of the high aspect holes, and particularly the dependence
of the geometry of the exit holes on the light polarization. It
was discovered that drilling with lincarly polarized light leads
e non-circular exit holes. In order 1o overcome this problem,
the group employed “polarization trepanning” — where a 4/2
plate is rotated during dritling - in essence scrambling po-
larization. This technigque yiekled superior results compared
with linear and even circular polarizations. ‘The etfects of po-
larization on ultrashort pulse ablation of thin metals were
recently reported by Venkitakrishnan et al. [-42]. The authors
reached analogous conclusions, in so much tha the polariza-
tion of the beam plays an important role in determining the
ablation depth, edge quality, kerf width and the cutting rate of
machined features.

Bonsc ctal. [43] have performed anumber of experiments
dealing with the polarization dependence of femtosecond ib-
lation of TiN. In experiments with 130150 s, 800 nm pulsces,
the guthors observed an increase in ablation rate for circu-
larly polarized beams compared to linear polarization. Alter
100 pulses at ¢, =043 Jem?, the volume of material re-
moved with circular and lincarly polarized beams was ~ 340
and 110 pm?, respectively. Observed ablation rates for mul-
tiple pulse imadiation were 12.6 mn/pulse and 9.1 nm/pulse
tor irradintion with circular and finearly polarized pulses.
The authors also quantified average roughness of the ablated
craters and found 2 - 3 times reduction of the average rough-
ness in craters ablated with circularly polarized light.

In addition to laser ablation, work on laser-assisted dry
ctehing of InP involving use of excimer lasers in the presence
ol a halogen atmosphere has been reported |44, 48], Prasad et
al. {44 used a 10% gas mixture of chlorine diluted in helium
in an investigation of eteh rates with 308 nm light. Laser-
assisted (308 nm) dry ctching of Inl in low-pressure chior-
ine atmospheres at fluences lower than the ablation thresh-
old has been studied by Wrobel et al. [45]. Matz et al. have
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demonstrated practical application of this technique in dry
etching of integrated InP micro-lenses using o 248 nm ex-
cimer laser {46}, These chemically-assisted dry etch schemes
using nanosecond UV lasers offer an interesting, comple-
mentary approach to femtosecond laser micromodification,
Biiuerle {22] provides a comprehensive overview of theory
and cxperiments of laser assisted ciching. Femtosecond as-
sisted etching in Cly and SFq aunosphere |47, 48] has been
attempted on Si surtaces, yielding the tormation of high as-
pect ratio spikes. Such features on Si have attracted attention
as potential light absorbers in solar cells and photodetectors.

Currently  semiconductor processing  fargely involves
well-established photolithography technology, and it is un-
likely that direct laser patterning would replace it in the near
future. However, the laser tools can play an important role
in-dicing, prototyping, trimming and device repair. Biirsch
¢t al. {40} have recently presented results of cutting siticon
walers with femtosecond laser pulses, Dupontet al. [49] have
demonstrated the use of femtosecond laser ablation for in-
situ repair of optoelectronic devices. Such technigues might
be very valuable especially in manutacturing of large area
CCD or LED arrays wherc removing a few local defects can
significantly increase the device yiekd,

Interest in femtosecond laser ablation and machining en-
compasses a broad range of materials, including rather spe-
cialized compounds and applications. With the growing im-
portance of gatlium nitdde (GaN), lor example, direct laser
patterning might also be an important application due 1o lack
of suitable chemical eteh solutions. Femtosecond laser mi-
cromachining ol GaN was discussed by Kim et al, [50]. 1n
machining grooves in GaN samples, the authors reported
the ablation rates between 2-3 jun/pass al feed rates rang-
ing from 300 to 3000 um/s and faser fluence of 1J/cm?.
Ulirafast laser processing is also very promising for other
materials related to the semiconductor industry. Femtosee-
ond machining of AIN [31] and diamond films |8], which
are used as heat sinks, and other hard materials [9] has been
shown to yield superior results to machining with conven-
lional lasers,

5 Summury

We have presented results ol femtosecond micro-
machining of InP with 150 ts laser pulses centred at 800 nm,
and utilizing a repetition rate of 1 kHz, The dependence of
the teature depth on pulse energy, teed rates, number of con-
secutive passes over the same area and polarization was in-
vestigated. A logarithmic dependence of the groove depth on
the laser fluence is observed with two regimes characterized
by dilterent ablation rates (at fluences ¢ x @y and ditlerem
thresholds: £, = 44-62 mn/pulse and Py, = §6~120mi/em*
in the gentle ablation regime for feed rates ranging from 100
to 500 jun/s respectively, and [, = 144-100 mn/pulse and
Py =460-320 mJ fem? in the strong ablation regime for feed
rites ranging from 100 to 250 jun/s respectively |51} The
groove depth was found to be inversely proportional 1o the
feed rate or cquivalently lincarly proportional to the effective
number of pulses delivered. "The ablation rates, obtained {rom
alinear fit o data measured atconstant fluenee ¢, = 1900, 650
and 210 m/em’, were B = 195, 80 and 50 nm/pulse respec-

tively. With multiple passes over the same groove, the depth
increases lincarly up to approximately 20 conscculive passcs.
Above 20 passes ablation rate decreases until a depth limit is
reached. The depth limit exhibits a logarithmic dependence
with two distinct regimes analogous o single pass cutting,
‘The best results in terms of groove geometry and depth limit
were obtained with the polarization of the heam perpendicular
to the cutting direction.
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However with much improved statistics and by including Jdata for low
pulse energies, it was found that the tesults were much better deseribed
by the approach outlined in this paper.
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The experimental approach presented in this paper is a good starting point for
further research. Systematic investigation of the dependence of the ablation rates on the
pulse energy (fluence), the feed rate and the number of consecutive passes can be readily
extended to include a broader range of laser parameters, such as, different wavelengths,
pulse durations, focusing conditions, non-Gaussian beam profiles and different materials.

As an example, several preliminary experiments were repeated following the
method outlined in the paper with femtosecond laser pulses centered at the wavelengths
of 400 nm. Fig. 5.1 shows the data and the corresponding SEM images of the groove
depth dependence on the pulse energy, feed rate and the number of consecutive passes for
grooves machined with 400 nm pulses.
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Figure 5.1: Data of laser machining of grooves at 400 nm, showing the dependence of groove depth on
fluence (top), feed rate (middle), number of consecutive passes (bottom) and the corresponding SEM
images.

The groove depth exhibits a logarithmic dependence on the pulse energy (fluence) with
two distinct regimes, characterized by different ablation rates and different thresholds.
The measured threshold fluences were approximately two times lower than in
experiments done with 800 nm pulses. These preliminary results are consistent with
measurements of the wavelength dependence of the ablation threshold presented in
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Section 4.3. The groove depth was inversely proportional to the feed rate, scaling as v,
as found previously in experiments with 800 nm pulses. The measurements of the groove
depth as a function of multiple passes also showed similar trends. The groove depth
initially increased linearly with an increasing number of passes and eventually a depth
limit was approached asymptotically. For grooves machined with 400 nm pulses the
depth limit was larger than for grooves machined with 800 nm with the same incident
fluence. The aspect ratio of the grooves was also higher and typically the groove
geometry and the surface morphology were improved. Generally, the data fits very well
to the equations presented in the paper and a similar treatment can be applied in a more
detailed analysis.

Micromachining with 400 nm and further extension to UV region would be very
relevant for practical applications. As shown in Section 4.3 the ablation threshold
decreases with decreasing wavelength, therefore lower pulse energy is required in
processing. With an increasing absorption coefficient for shorter wavelengths the energy
is deposited in a smaller volume, which leads to improved vertical precision of the
machining process. Also the use of 400 nm or UV pulses allows focusing to smaller
dimensions and therefore leads to increased lateral precision.

In another example of potential follow up work, the same set of experiments was
performed with nanosecond pulses. The results and the corresponding SEM images are
shown in Fig. 5.2.
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Figure 5.2: Machining of InP with nanosccond pulses

The groove depth exhibits a logarithmic dependence on the pulse energy (fluence). In
contrast to femtosecond ablation, only a single regime is observed. The ablation threshold
is approximately four times higher in nanosecond ablation compared to femtosecond
ablation at the same wavelength. The surface morphology of grooves machined with
nanosecond pulses is poor compared to morphology of grooves machined with
femtosecond pulses of the same fluence. The burr along the side of the grooves is much
more pronounced and typically more surface debris accumulates in the vicinity of the
cuts. The advantages of femtosecond laser micromachining are especially evident in
machining of deep grooves with multiple laser passes over the same groove. For the
same pulse energy, the depth limit of grooves machined with nanosecond pulses is
approximately half the value obtained in femtosecond micromachining. The depth limit
is also reached significantly faster. A drop in the ablation rate is already observed after
eight passes for similar laser fluence.

Although femtosecond micromachining offers substantial advantages over
machining with nanosecond pulses, ultrafast lasers are more expensive and complicated
compared to the well established nanosecond laser technology. In non-critical
applications the use of nanosecond or picosecond lasers, especially operating in the UV
wavelength range, can lead to satisfactory results at significantly reduced cost. Therefore,
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analysis of the parameter space for nanosecond laser machining can prove to be equally
important,

Finally, all experiments presented and proposed in this section can be extended to
the analysis of other materials. Recently, Crawford er al. [98] presented results of
femtosecond laser micromachining of Si performed under similar conditions. Systematic
investigation of laser micromachining of various materials in conjunction with theoretical
analysis will lead to a better understanding of the ablation process. With a good
understanding of the underlying physics it should be possible to predict many aspects of
micromachining of various materials by considering their optical and physical properties.
Based on purely technological interest, cataloging of the machining parameters will
provide a useful reference for the emerging applications in laser micromachining.

Another interesting extension of the research presented in this paper is three
dimensional structuring accomplished by varying the angle of incidence of the laser beam
relative to the sample surface. This approach allows machining of grooves at arbitrary
angles. Fig. 5.3 shows an example of grooves cut with 1 pJ, 130 fs pulses, 100
passes/groove at feed rate of S00 tm/s and sample tilts of 0°, 20°, 40° and 60°.

F———150um

Figure 5.3: Grooves machined in InP with pulse encrgy of 1000 nJ/pulse, 1kHz at 500 um/s, 100
passes/line with laser beam at 0°, 20°, 40°, 60° relative to the sample surface. The samples were processed
in ambicnt atmosphere.

This technique allows either efficient removal of macroscopic amounts of
material or fabrication of free standing or suspended structures. Fig. 5.4 shows a v-
groove and a partially suspended beam micromachined by making two incisions at 45°
This is a unique and potentially valuable method, as fabrication of similar structures
would be difficult by conventional semiconductor processing techniques, such as, wet or
dry etching. The machining was performed at ambient pressure. It is interesting to note
that the groove depth is virtually the same as in grooves machined under rough vacuum.
The ability to fabricate such structures at atmospheric pressure is particularly important in
the industrial setting due to the high cost of vacuum equipment. Femtosecond laser
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micromachining provides a flexible, single step tool for machining of structures shown in
Fig. 5.3 and 54.

Figure 5.4: V-groove and a partially suspended beam machined by making two incisions at 45° machined
under ambient atmosphere.
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5.3 Paper 5 — Imaging the strain fields resulting from laser
micromachining of semiconductors

This paper presents the measurements of strain fields in the vicinity of grooves
micromachined in InP by femtosecond and nanosecond laser pulses. The measurements
were performed by a spatially and polarization resolved photoluminescence imaging
technique, commonly known as degree of polarization (DOP), developed in Dr. Daniel
Cassidy’s group at McMaster University. The results presented in this paper report the
first use of the DOP technique in analysis of laser micromachined structures. In this
study, the analysis was performed on two grooves micromachined with = 8 ns and = 130
fs pulses of equal fluence ~ 2 J/em?. A simple finite element model was developed to
help interpret the data.

Dr. Doug Bruce performed all DOP scans and Dr. Daniel Cassidy provided
support and input on the manuscript preparation, and valuable discussion. [ would like to
acknowledge Dr. Mark Fritz for helpful discussions of the DOP technique and for help
with the data analysis. Also, I would like to thank Dr. Jan Thegersen for encouragement
for my completion of this work.
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The residual strain ficlds resulting from laser micromachining of grooves in indium phosphide
with femtosecond and nanosecond light  pulses are analyzed using a spatially resolved
degree-of-polarization photoluminescence technique. Significant differences in the geometry of the
strain patterns are observed in grooves machined by femtosecond and nanosecond pulses. For the
specific conditions investigated, the sign of the degree of polarization signal is opposite in the two
cases indicating that arcas under tension in femtosecond machined samples are under compression
in nanosecond machined samples and visa versa. The experimental data are compared with results
from a finite clement model. ¢ 2003 American Institute of Physics. {DOL 10.1063/1.1591241]

The potential of femtosecond lasers as 4 materials pro-
cessing tool has been demonstrated by many groups (see,
c.p., Refs. 1-5) Many future applications may depend criti-
cally on the quality of the machined materials in terms of
collateral damage, residual strain, and localiced changes in
optical, mechanical, and electronic material properties. In
this work, we characterize laser-machined semiconductor
samples, utilizing the degree-of-polarization (DOP) photolu-
minescence (PL) technique,® supported by scanning elec-
tron microscopy and finite clement modeling (FEM).

The micromachining experiments were pertormed with a
commercial, regeneratively amplitied, Ti:Sapphire laser op-
vrating at a center wavelength of 800 nm. The kser emitted
lincarly polarized light pulses of 130 5 duration at a 1 kHz
repetition rate, Nanosecond pulses were obtained from the
same laser by blocking the sced pulse to the amplitier and
bypassing the compressor. N-doped (100) InP wafers were
placed in o small vacuum chamber mounted on a computer
controlled xyz translation stage and experiments were per-
formed under a rough vacuum of ~0.1 mbar, The laser was
brought in perpendicnlar to the (100) surface and focused on
the sample by a $X  microscope objective (Newpont 5
X-M). The spot size (w, at 1/e?) at the focal point was
measured by the method described by Liu® and determined to
be ~ 5.5 gm. in the experiments, sels of grooves were ma-
chined in Inf* samples with 130 fs and 7 ns pulses with pulse
energies of about | g (fluence of =2 Jem®) and a feed rue
of 250 ga/s. After muuchining, the samples were cleaved
perpendicular 1o the grooves and examined with a scanning
clectron microscope (SEM). The cross sections were subse-
quently imaged by the DOP echnique.

The method of strain measurements using the DOP weeh-
nigue s based on an analysis of the polarization state of a
luminescent signal. The details of the technigue: can be found
clsewliere.™ Brielly, a low power 633 nm heliunm-neon laser
beam is reflected from @ cold mirror and focused on-the

YElectionic mail: botowsimemdsier.ca

MAlso with: Depatinent of Physics and Astronomy, Lhe Brockbouse loste-
tate tor Matenals Research, and the Center for Electophotome Marenals
anl Devicey.

0003-6951/2003/83(2)/225/3/$20.00

sample facet by a 40X microscope objective. The lumines-
cence is collected with the same ohjective in a confocal ar-
rangement and passes through the cold mirror, a tilter which
removes residual eNe lipht, and finatly through a polarizer.
‘The polarizer is continuously rotated with the rotation-syn-
chronized with the detection system such that signals L, .
and £, as well as Ly, and L, can be recorded. Signals
designated as L, , for example, correspond to the photolumi-
nescence (PL) signal collected with the polarizer aligned
along the x axis. The coordinate system is shown in Fig. 1.
The DOP signal is related to the luminescence signals mea-
sured in the two onthogonat polarizations (L, ,L,) by

Lo-1,
Poor™ T = Kg(r g ~0y,) th
L,

where K, is o calibration  constamt (94 01
X 107" em dyn™! for InP) and o, and e, , are the stresses
in the x amd v directions.® Since the facet under investigation
is a free surface, stress in the z direction is aero, te, o,;

(). The rotated degree of polarization (ROP)Y signal is re-
lated to the Tuminescence sigmals in the two orthogonal po-
larizations (L, L ) by

Prop” ‘:“_‘I-;‘;: 2 Ku"\y (2)
Iy -ty

where o, are the shear stresses, Two-dimensiomal images
are obtained by scanning the sample past the stationary ob-
jective under computer control. At cach point, values of L,
Lyand Lo, Lo, are recorded and values of the DOP and
RO signals are caleulated according to Lgs. (1) and (2),
respectively. A strain resolution of > 107 % and a spatial reso-
lution of =~ | gm have been demonstrated.®

Figure | shows SEM, spatially resolved PL (PL- L,
t4,), DOP, and ROP images of two grooves machined in
[nP with 130 5 and 7 ns pulses. The feature created with
femtosecond putses exhibits sipnificantly better momphology,
Debris found in the vicinity of the cut can be casily removed
with lens tissue and methanol or an ultrasonic bath. The wypi-
cal depth of grooves machined with the specitied set of pa-
rameters is =5 gm. The trenches formed with: manosecond

€ 2003 American Institute of Physics
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FIG. 1. (Color) (3) SEM, (b) spatially resolved PEAPL =L, 4 L)), (¢) DOR,
and (d) ROP images of grooves cut with 130 femtosecond {left-hand side)
and 7 nanosecond (nght-hand side) laser pulses, centered around 800 nm,
repetition rate of | hHz and cutting speed of 250 un's,

pulses are typically around 10 gm deep, are generally less
uniform and leave a significant amount of debrs. Spatially
resolved PL [Fig. 1(b)] shows a uniform intensity across both
facets and virually no PL quenching even in the close vicin-
ity of the cuts. Polarization resolved PL [Fig. 1(¢)] reveals
the residual material strain, The patterns are very symmetric
and reproducible; however, there are substantial differences
between the DOP images of grooves cut with fs- and ns-
duration laser pulses. In addition to DOP pattern differences,
the signs of the DOP and ROP signals are reversed in the
images corresponding 1o the two pulse durations. The arcas
which-are in tension (DOP<0) in femtosecond-machined
grooves are in compression (DOP>0) in nanosccond ma-
chined grooves, The DO signal, dircetly beneath the trench
machined with femtosecond pulses,” was found 1o be ppop
~« — 16% and dropped to background value prop~0% at a
distance of 20 gm. In grooves machined with nanosecond
pulses, the maxinum value of the DOP signal was measured
to be ppop~-+ 12%, and dropped to the background level
over a distance of 30 gm. The functional dependence of the
DOP and ROP signals on various machining parameters,
such as pulse cnergy, feed rate, wavelength, and the pulse
duration will be subjects of future investigations.
Delermining the absolute values of the stress compo-
nents is not straightforward since the DOP signal is propor-
tionl to the difference between stresses in the v and v di-
rections, For example, a DOP value of ppgp= -~ 16%

Borowiec et al.

\va

FI1G. 2. (Color) Finite element modeling of trenchies cut with (lefi-hand side)
femtosecond and (right-hand side) nanosccond pulses: (3) Geometry ol the
model, (b) simulated DOP image, and (¢) simulated ROP image.

corresponds to (o~ )~ 170 MPa. (1t should be noted
that the maximum values of the strain are close to the ex-
pected limit of linearity.)® Without modeling or symmetry, it
is difficult to predict which stress component, o, or o, , is
dominant. In the case of the ROP, extracting guamitative
information is casicr since the ROP signal is dircctly propor-
tional to the shear stress.

It is reasonable to expect the amount and composition of
the resolidified matenal inside the trench to play a key role in
determining the nature and magnitude of the residual
stresses. Transmission cleciron microscopy (TEM)' analysis
of features on InP ablated in vacuum by femtosecond pulses
reported a substantial amount ol polycrystalline surface ma-
teriul. Micro-Raman analysis of femtosecond ablation of InP
(Ref. 11) in air was also reported recently. In Refl 1, a
number of different morphological regions were observed
after single and double femtosecond pulse irradiation, in-
cluding amorphous and polycrystalline regions. Qur process
of cutting treaches is difTerent, being equivalent to irradia-
tion of the same spot by =~40 pulses. The micro-Raman
experiments' enabled observations of both compressive and
tensile stress regions, with absolute values in the range of
hundreds of MPa. Although the higher single pulse fluences
reported in Ref. 1 were similar to our experimental condi-
tions, the micro-Raman analysis is sensitive 10 a depth of
tens of nanometers. Qur anatysis probes stress values in the
vicinity of the groove on a depth scale of microns - hence
the two approaches are complementary,

Anmalogous works on nanosecond ablation of [nP are not
available. Amer ¢r al."? reported micro-Raman amlysis ol $i
walers micromachined with ns-duration excimer lasers. In
Ref. 12, the authors observed high average tensile stresses
=~ (.8 GPa induced as a result of laser machining as well as a
signilicant amorphization of the surtiice. [n ns-laser machin-
ing of compound semiconductors, the loss of the more vola-
tile component routinely oceurs. Machining of Inl* is ex-
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pected to dead to an ln-rich surface, which could cause
stresses in the underlying material, The ditfferences between
the resoliditied surfuce layers, combined with possible differ-
ences in defect types and densities in the nearby bulk solid,
might cxplain the reversal ol the polarily ol the ns and fs
DOP signals seen in Fig, 1. The mechanism feading to this
difference is still an open question.

‘o further explore the effects of the resolidified layer on
the residual stress in the vicinity ot tuser-machined trenches,
we have developed a simple FEM using the commercial soft-
ware package FEMLABE. The geometry of the model is
shown in Fig. 2(a). It consists of an InP substrste with a
machined groove that is tined with a layer of soliditied ma-
terial. In our calculations, the solidified layer was brought 10
300 K, the same temperature as the substrate, from an initial
temperature of 1300 K (roughly the melting temperature of
InP). Upon (reezing, the thermal mismateh results in a
strained imterface. The required physical eftects were artiti-
cially simulated by using u positive thermal expansion coef-
ficient of the melt zone for ns-pulse irradiation, and a nega-
tive value for fs-pulse machining. Figures 2(b) and 2(c) show
simulations of the DOP (o~ 0 ,) and the ROP () im-
ages of a1 machined groove with pulses in the respective tem-
poral donins,

Although the mateh between the experimental and simu-
lated images is not exact, the results of this very simple
maodel display similar stress patterns 1o those seen in Fig. 1.
The shapes of the simulated DOP and ROP patterns were
found to be sensitive to the size and geometry ot the reso-
lidified layer as well as the initial temperature assumed for
the melt zone. To develop a more sophisticated madel, the
details of the geometry and the composition of the resolidi-
tied layer are needed, as well as a defect analysis in the
nearby bulk, Cross-sectional TEM studies of these structures
would be an excellent supplement to the DOP technigue, and
stch studies are currently being planned. A good example of
this approach was demonstrated in the analysis and modveling
of quantum wires grown in V grooves on [nP substrates
where TEM, DOP, and FEM were used in an investigation,

The initial temperature of the meht zone can be caleu-
tated from the considerations of the encrgy deposited in the
material, Bivere™ provides a compreliensive overview of
theory and experiments for nanosecond fuser processing of
materials. - Reference 14 also gives an overview of the
progress on femtosecond studies, although the theory of fem-
tosecond laser—materials interactions is still the subject of
intensive theoretical and experimental investigations. Many
models have been proposed to explain various aspects of the
ultratast ablation process.”® ™ Also, a teory of defect-strain
instability and the formation of periodic surface relief in
semiconductors irradiated with femtosecond pulses has been
recently published.’ The DOP technique would provide a
good method of testing various models, kading to a better
understanding ol the underlying physics, Detailed modeling
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would also ciable extraction of the values of the stresses in
the orthogonal directions,

In conclusion, with the advances in ultrafast laser micro-
machining, there is a need for microanalysis tools, The DOP

technique is a simple and cffective tool in strain analysis of
direct band-gap semiconductors, which ware the backbone of

the optoclectronics industry. The present study provides an
analysis of both the PL efficiency and the residual stress
resulting from femtosecond laser micromachining, and over
length scales relevant to device applications. Since both the
magnitude and the sign of the siress could sensitively depend
on some of the machining conditions, an investigation of a
broad range of parameters will be required to develop a com-
prehensive picture. Qur evidence suggests that the amount
and nature of the resolidified material may be a key detenmi-
nant in producing residual strain. Further detailed micro-
scopic analysis is required 1o support more sophisticated
models, which are needed to extract the values of stress in
the two orthogonal directions and gain a better understanding
of the underlying physics.

The authors would like to acknowledge the financial
support rom the Natural Sciences and Engineering Research
Council of Canada (NSERC) and Materials and Manutactur-
ing Ontario (MMO).
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As demonstrated in the paper, the DOP imaging technique is a powerful tool for
evaluation of laser micromachined structures in direct bandgap semiconductors. The
results presented in this paper can serve as an excellent starting point for further research.
The natural continuation of the work presented would include a systematic study of the
strain fields resulting from micromachining of InP using a broader range of laser
parameters. As an example, Fig. 5.5 shows a set of SEM, DOP and ROP images of
grooves micromachined by 130 fs pulses, at a feed rate of 250 pm/s and pulse energies
varying from 1100 to 230 nJ/pulse.

=630 nJ

=500 nJ

=230 nJ A ‘ L
-DOP ISR B +DOP

Figure 5.5: SEM (left), DOP (middle) and ROP (right) images of grooves micromachined by 130 fs
pulses, at a feed rate of 250 pm/s and with pulse energies varying from 1100 to 230 nl/pulse.

Qualitative inspection reveals changes in the extent and the geometry of the strain fields
with decreasing pulse energy. In a quantitative analysis, one can consider the dependence
of the magnitude of the DOP signal on the pulse energy. For example, Fig. 5.6 shows the
average value of DOP signal as a function of depth beneath the groove cut with pulse
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energy of 700 nJ. Two
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Figure 5.6: Plot of the average value of the DOP signal beneath groove machined with 700 nJ pulses. The
two yellow lines in the DOP imagg in the insert indicate the averaged data.

The data fits very well to an exponential decay equation of the form

DOP, (y)= DOP,-exp(-y/Y,), (5.1

where DOP, and Y, are the empirical fit parameters. The parameter DOP, reflects the
peak value of the DOP signal beneath the groove and Y, represents the characteristic
distance over which the DOP signal drops off to e’ of the peak value. The first few data
points in Fig. 5.6 correspond to the scan area where the material was removed and hence
do not represent a real signal. The points included in the fit were those for which the total
photoluminescence yield was approximately constant, Fig. 5.7 shows the dependence of
Y, parameter on the pulse energy. As expected Y, decreases with decreasing pulse energy
although the functional dependence is not obvious at this point.
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Figure 5.7: Plot of ¥, parameter as a function of pulsc encrgy.

The second obvious area for subsequent research involves detailed theoretical and
finite element modeling (FEM). The method proposed is a good starting point for
quantitative investigation, however more theoretical work will be required to establish the
physical significance of the fit parameter. More sophisticated modeling in conjunction
with iterative fitting to the experimental data would also enable extracting the values of
the stresses in the orthogonal directions.

Lastly this publication has already stimulated the interest of other research groups
studying micro Raman spectroscopy and x-ray topology imaging leading to the initiation
of a collaboration with Dr. Patrick J. McNally from the Research Institute for Networks &
Communications Engineering (RINCE), Dublin City University in Ireland. As a first step
in the collaboration several samples were prepared under the same conditions as
presented in the above publication and sent for analysis by micro-Raman spectroscopy
and synchrotron x-ray topography. Fig. 5.8 shows an example of preliminary
measurements on a groove cut with = 130 fs, 1 pJ pulses at 500 pm/s, courtesy of Dr.
McNally and X. Lu. Micro-Raman spectra correspond to the six locations indicated in
the micrograph. Analysis of the Raman data allows one to deduce the composition of the
layer and measurements of the stresses in the surface layers. Preliminary conclusions
indicate that an amorphous InP phase is located inside the groove and the depth of this
layer is less than 100 nm. For probe spots | to 4, two crystalline phases were identified
beneath the surface. The upper phase is amorphous InP and the lower phase is
recrystallized polycrystalline InP with a grain size around 4 nm. The thickest amorphous
InP layer and the finest polycrystalline phase are located at probe spot 3 instead of the
center of the groove. The highest mechanical stress inside the polycrystalline phase and
single-crystalline phase appears to be located at position 2 instead of the center of the
groove and there appears to be both tensile and compressive strain inside the groove. It
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should be noted that the Raman measurements are sensitive to a rather thin surface layer,
typically on the order of the light extinction depth of the excitation source.
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Figure 5.8 (left) InP micro-Raman spectra at 6 selected positions, scan time=150 s, (right) OM image
showing micro-Raman probe spot distribution around groove #1.

Additional Raman measurements of the cleaved facet are also planned. The results of the

Raman measurements will be compared to DOP measurements and cross-sectional TEM
analysis.
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5.4 Paper 6 — Sub-surface damage in indium phosphide caused
by micromachining of grooves with femtosecond and
nanosecond laser pulses

This paper presents cross-sectional TEM analysis of grooves machined in InP
with femtosecond and nanosecond laser pulses. The key point of interest was
investigation of the microstructure of grooves machined in the two temporal domains and
it is a follow up to the work presented in Section 5.3. The DOP images acquired revealed
striking differences in the geometry and polarity of the strain fields resulting from
machining with femtosecond and nanosecond pulses. The simple finite element model of
the grooves revealed that the geometry and composition of the resolidified layer are likely
responsible for the observed strain fields. The test of this hypothesis required the
knowledge of the extent and composition of the resolidified layer. The cross sectional
TEM is the best method for detailed investigation of the microstructure of the ablation
features as discussed in Section 4.2,

One problem with the TEM analysis is sample preparation as it requires
preparation of electron transparent foils several tens of microns long. Such specimens are
very difficult to prepare by standard techniques and requires the use of focused ion beam
milling (FIB). In this first study, two grooves machined with femtosecond pulses and two
grooves machined with nanosecond pulses were selected for TEM examination. One of
the key findings was the observation of a large networks of defects formed under grooves
machined with femtosecond pulses. This finding is contrary to previous TEM analysis of
single pulse ablation measurements presented in Section 4.2 and the often made claims
that femtosecond laser ablation leads to essentially damage free machining.

This work was performed in close collaboration with the Brockhouse Institute for
Materials Research (BIMR) at McMaster University. Dr. Martin Couillard and Dr.
Gianluigi Botton performed all electron microscopy work and defect analysis. Dr. Martin
Couillard also wrote sections of the manuscript dealing with the electron microscopy and
the defect analysis. L. Weaver and M. W. Phaneuf at Fibics Ottawa, Canada performed
the TEM sample preparation by FIB.
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ARSTRACT Grooves laser- mluum.uhnml in InP using 130 ts and ‘h pul\«.s mlh
fluences & 2 and 0.7 J/em? are investigated by cross-sectional transmission electron
microscopy. Atthe fluence of 2 J/eme, irradintion with both femtosecond and nanosec-
ond kiser pulses yield substantial resolidified l.mrs with & muximum thickness of

22 (.5 jun. In contrast, at the fluence of 0.7 Jem?, irradiation with nanosecotud pulw\
lc.lds 10 a fayer of similar thickness, while femtosecond irradiation produces laser in-
duced periodic surface structures with minimal resolidified matertal. For both fluences,
femosecond pulses generate substantial densities of defects extending over 2 tew mi-
crons in depth, while nanosecond laser irradistion leads o no observable damage
beneath the resoliditied Llayer. The high peak power density and the stress confinement
vhtiined from femtosecond pulses, along with incubation ettects, are identified as the

major factors leading the observed plastic detormations.

PACS 61.80.Bu; 68.35.Gy; 79.20.Ds

During the past decade the potential of
femtosecond laser pulses as & material
processing 0ol has been demonstrated
by many groups [1]. It has been shown
that material micro-processing with ul-
trashort laser pulses offers substantial
advantages over machining with con-
ventional lasers, leading o improved
surface morphology and a reduction
in the heat affected zones. Analyti-
4l echniques. used o assess the ting
state of material most often included
optical, scanning electron, and atomic
force microscopy, and, therefore, - are
only sensitive 0 changes in the sur-
face morphology. Transmission electron
microscopy (TEM) is an ideal tool for
probing the material microstructure in
the vicinity of the machined features,
However, due to dilticulty in " TEM sam-
ple preparation, it is not commonly
usedd. Several groups have  reported

TEM analysis of various materials ma-
chined by nanosecond and femtosecond
Liasers, forexample metals [ 2 -4 dielec-
tries |5, 6] and semiconductors |2, 74,
In this letter we present results of cross
sectional TEM studies of grivwves mi-
cromachined in indium phosphide (In1»
by femtosecond and wanosecond laser
pulses that . complement recently re-
ported results of steain analysis by a de-
gree of polarization analysis [10]. In
particular, we report on damage in-
duced by femtosecond laser irradintion

of 1l a compound semiconductor of

technological significance for photonics
applications.

The micromachining  experiments
were performed with o commercial, re-
generatively amplified Tizsapphire laser
npcrmin-' at o center wavelength of

=800 mnand 1 kHz repetition rate. The
laser beam was focused on the sample

ax: o+ 1-R08 /5278409, L-mail: Dotowiae menustenca

surface by a Sx microscope objective
10 o spot size of $.5+£0.5 um (Gaus-
sian beam radius at 1/e?). A set of four
erooves were machined in (100) n-Inl®
samples, S doped ~ 10%¥ em =3, along
the [011] direction with pulses of ap-
proximately 13015 and 8 ns in duration.
Pulse energies o &= 1O and 0.35pl
were ulilized, ata feed rate of 500 jun /s,
with o beam linearly polarized perpen-
dicular to the cutting direction. After
laser machining of grooves the cross
sectionat TEM samples were prepared
by the focused ion beam (FIB) tech-
nigque s deseribed in [T The speci-
miens, coated with a protective pliatinum
and, subsequently, tungsten fayer, were
milled using 50keV  gallium  atoms.
The “litt-out” technigque was employed
whereby the clectron transparent foil
wits cut free by the FIB for stand-
alone examination. The TEM work was
performed with o JEOL 2010F elec-
tron microscope operated  at 200 kV
and equipped with an energy dispersive
X-ray spectromeler (EDS)Y and a Gatan
inaging filter (GI1F).

Figure | shows a moniage of TEM
images of a groove cut in nP with il
(== 2 }/em™), § us pulses, The groove is
approximalely 4 pan deep and the dis-
linct region of resoliditied material can
be seen-on top of e unallected sub-
strile. The thickness ol this fayer varies
trom around S50 um at the bottom of
the groove (o slightly less than 200 nm
on the side. Droplet shaped particles as-
soviated with redeposited materials are
observed on the surfice ol the groove.
Significant buers of 1-1.5 pm in height
are also formed around the cut by wha
appears to be a liquid phase expulsion
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FIGURE 1
8 ns). a Low-resolution view b TEM image and diffraction patterns taken near the bottom of the proove
¢ bright-field scanning ‘TEM close-up of the resolidified layer. ‘Ihe bluck luyer in the images is the
protective tungsten layer

pracess. Figure 1h shows a detailed
view of a portion of the resolidified
layer near the bottom of the groove.
The layer consists of polycerystalline re-
gions of InP, as can be seen from the
diffraction pattern, with some [n-rich
particles identificd using EDS. In add-
ition to the large crystals directly visi-
ble in the bright-ticld images there are
broader rings in the dilfraciion pattern
suggesting the presence of nanocrys-
talline material within the resolidified
layer. Quantitative detenmination of the
relative fraction. of the nanocrystatline
resolidificd material is presently under
investigation. Further analysis to detect
whether additional amorphous mate-
rial is present is also in progress. No
evidence of extended detects or micro-
cracking was found below the grovve
and the dittraction patiern for this region
(Fig. 1b) corresponds to the zine blende
structure oricnted along the {011) zone
axis.

The cross section of the groove (not
shown), cut in InP with 8ns pulses
of 350 n) (= 0.71/cm?), qualitatively
resembles the groove machined with
higher energy pulses, 'The groove is ap-
proximately 1.8 jtm deep and lined with
2 500 nm of resolidified material. The
resoliditied InP layer, comprised of sig-
nificant polyerystalline content, is not
very uniform and exhibits a slow spa-
tial frequency modulation in the form

Cross sectional TEM images of a groove machined in [nP with nanasecond pulses (1 pJ,

of layers parallel to the groove surface.
Burrs of the order of | jum in height are
also observed on the side of the groove,
and no trace of extended defects are vis-
ible beneath the cut.

Figure 2 shows a montage of TEM
images ol a groove cut in InlP with 1 jpd
(= 21/cm?), 13015 pulses. The groove
is approximately 1.8 wm deep, shal-
lower than its nanosceond counterparl.
The resolidified layer is still present

and its thickness varies from around
550 nm at the bottom of the groove to
slightly less than 300 nm on the side
of the groove. The burr is not as pro-
nounced as in the nanosecond case. ‘The
microstructure ol the resolidificd layer
includes polycrystalline grains of [nP
with some In-rich particles. Analogous
1o the nanosecond irradiation case, cv-
idence lor nanocrystalline content was
found in the resoliditied layer. The most
striking feature is the presence of ex-
tended defects beneath the resolidifed
layer. This highly heterogeneous plas-
tic deformation consists of microtwins,
mainly observed at the bottom ol the
trench, and two dense networks of dis-
locations present on both sides of the
groove and extending 3 jun bencath the
resolidified layer.

Figure 3 shows @ montage of TEM
images of a groove cut in InP with
350 nJ (= 0.7 J/em®), 130 15 pulses. The
groove is approximately | jun deep and
laser induced periodic surface structures
(LIPSS) are visible features. The spa-
tial period of LIPSS in this regime is
typically 600-700 mn. There is very lit-
tle resoliditied material and most of it
appears to be on top of the LIPSS in
the central part of the groove (Fig. 3b),
whereas other modulations in the LIPSS
are unatfected (Fig. 3¢). The defects ex-
tending up 10 2 pm below the machined
area are still clearly visible. The two
types of defects, the microtwins and

FIGURE 2 TEM cross seetional images o a groove machined in InP with temtosecond palses (1,
130 £3), o Low-resolution view b TEM image and ditfraction pattent taken near the bottom of the groove
c energy-fillered TEM close-up of the resolidified layer
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FIGURE }

TEM cross sectional images of a groove machined in IoP with femtosecond pulses

(0.35 jJ, 13065). a Low-resolution view b energy filtered TEM inuge taken near the bottom of the
groove ¢ encrgy fillered TEM image taken on the side of the groove

the dislocation networks, observed with
I nd pulses (Fig. 2) also. are present.
However, the distribution of these de-
fects is different and scems to be corre-
lated with the modulation of the LIPSS.

A recent report of strain imaging
by polarization resolved photolumines-
cence [10] revealed significant differ-
ences in the nature of strain fields in the
vicinity of grooves machined with fem-
tosecond and nanosecond pulses. Most
notably the arcas which were in ten-
sion in femtosecond-machined grooves
were in compression ine nanosccond-
machined grooves. Initial speculations
were based - on the assumption  that
the nature of the strain fields is solely
caused by difference in the geometry,
composition and structure of the reso-
lidified layer. Finite element modeling
(FEM) has confinned that the shape of
the strain fields does depend in part on
the geometry of the resolidified layer.
A fairly good match between simu-
lations and experimental results was
obtained for grooves machined wilh
nanosceond pulses, while the agreement
wits less satisfuctory in the femtosee-
-ond case. Also the observed sign re-
versal discussed above was artificially
simulated by assuming a negative ther-
mal expansion cocflicient. The present
TEM results suggest that the defects
beaeath the grooves as well as the
resolidified layer contribute to the re-
sidual strain lields observed in vicinity
of grooves machined with femtosee-
ond pulses. Including these defects in
the madel would, therefore, improve

the quality of the simulations. It is also
worth pointing out that a closer exam-
ination of photoluminescence (PL) im-
ages reported in [10] (Fig. 1b) reveals
a loss of PL yield in the vicinity of the
femtosecond-machined  grooves, con-
sistent with the presence of defects
which would increase non-radiative re-
combination channels.

In previous studies, defects result-
ing trom the faser drilling of (100)Si by
50 ns pulses from a copper vapor faser
atafluence g = 15 J/cm? have been re-
ported (see {2, Fig. 8). Two types of
defects were found in |2} 1) disloca-
tions, abserved in the heat attected zone
and caused by thermally-induced com-
pressive stresses during heating: and 2)
crucks, due to the tensile stresses dur-
ing subsequent cooling. These defor-
mations were, therefore, attributed 10
thermal rather than mechanical eftects.
In our case, no defects were observed
in grooves machined with nanosecond
pulses with a maximum fluence of g, &
2 em?. Furthermore, defects observed
below femtosceond-machined - grooves
extended well beyond the resolidified
layer and were even present beneath the
grooves machined at low fluences where
the amount of resolidified material is
minimal. It is, therefore, unlikely that
defect formation observed in femtosec-
ond irradiation is due to the same mech-
anism as discussed in [2].

We expeet that the delect Torma-
tion is partly associated with the high
transient pressures reached during the
ablation process. In femtosecond irradi-

ation the energy s deposited before
any significant hydrodynamic expan-
sion occurs. Furthermore, due to sig-
nificant nonlincar absorption, the en-
ergy is deposited into a smaller volume
compared o nanosecond irradiation.
Based on simple physical interpreta-
tions the effective optical penetration
depth of femtosccond pulses is found
to be ~30-60nm [12, 13], one order
of magnitude smaller than that of low-
intensity nanosecond pulses | 14]. The
net effect is the heating of the mate-
rial 1o high emperatures at conslant
volume, which leads to high thermoe-
lastic pressure buildup [15,16]. Peak
pressures  generated by femtosecond
pulses at a fluence ~0.5J/cm? have
been estimated to be in the range of tens
of GPa [17]. These values are signifi-
cantly higher than the yield surength of
P (around 1.3 GP4) estimated from
an indentation study {18). InP is brit-
tle at room temperature under a con-
ventional uniaxial compression test;
however, a confined pressure will sup-
press brivtle fracture and could create
twins and dislocations, The equiva-
lent load in indentation experiments
necessary to induce the observed de-
fects beneath the grooves (Fig. 3) can
be estimated. A simplitied version of
Johnson's spherical cavity model [19],
P~ (2/ 30y, relates an indentation
load (P) with the plastic vone radius
(¢) and an uniaxial vield strength (ay).
Using o,y ~ L3GPa [18] and ¢ ~ 3 pum
(bascd on our data for the low fluence
femtosecond ablation), we obtained an
equivalent toad of 25 mN. Such & load
applied o a spherical indenter induces
slip bands in InP on a similar scale.
Morcover the load is well above the on-
sct of plasticity for both Vickers {18]
and spherical [ 19} indentation.

Perry et al. {20] considered the pres-
sures associited with high-lluence fem-
toseeond irradiation of fused silica at
a wavelength of 1053 nm and a Aluence
of ~ 250 J/em?. They predicted a pres-
sure drop from 1.2 TPa to a pressure
below the yield strength of the mate-
rial within the fisst micron. Recently
Stach et al. [6] reported TEM studies
of single-pulse (800 nm, 300 ts) irradi-
ation of lithiwm niobate with a fluence of
124 1/em?, ‘They observed a = 100 nm
thick amorphous layer with i highly de-
fective erystalline region extending over
~ Ly in lengih, which appears (o be
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qualitatively consistent with the calcula-
tions of Perry et al. [20].

In contrast to experiments on ahla-
tion of dielectries discussed above [6],
the crystal defects beneath the single
pulse ablation craters were not observed
in previous plan view TEM investi-
sations of Si 8], InP and GaAs [9}].
The fluences in studies reported in 8]
and |9] were (wo orders of magni-
tude lower than in (6] but comparable
to conditions reported in the current
paper. The differences which can ex-
plain the presence ol defects beneath
the grooves and abscence of similar
defeets beneath single pulse ablation
craters can be considered. First, the
single pulse. TEM analysis was per-
formed in plan view, that is, craters
were viewed from above. In plan view
the analysis of microstructure is com-
plicated by the fact that the ablation
craters are located on top of an unaf-
fected substrate. The dilfraction pat-
terns therefore contain  contributions
from the resolidified fayer and the un-
derlying substrate. Defects extending
deeper into the substrate would also be
impossible to observe since the pro-
cess of sample preparation involves
back thinning of the sample 10 a thick-
ness of the order of 100 nanometers.
The advantage of cross sectional TEM
stems from the fact-that the resolidi-
tied layer can be viewed directly with-
out any background. Secondly, in the
process of cutling grooves we esli-
mate that ~ 1Spulses are incident on
the surface over an area equivatem
to our beam diameler. Afler the lirst

pulse, subsequent pulses encounter ma-

terial with modified, chemical, struc-
tural and optical properties [12,21,22
leading to cumulative eftects, usually
explained via incubation effects [23}.
In the original work Jee et al, |23) re-
lated the incubation process 1o dccu-
mulation of energy via plastic stress-

strain of the crystalline metals. In ab-
lation of InP, Bonsc ct al. [12] also
suggested the possibility of energy stor-
age in the form of crystallographic
changes, such as  amorphization/re-
crystallization and chemical changes
following single pulse irradiation. Ma-
terial modifications in conjunction with
thermal cycling and repetitive transient
shock during multiple pulse irradiation
are expected 10 play a key role in the
formation of the microstructures and de-
fects observed in the current work.

In summary, we have presented a de-
tailed analysis of the microstructure
of grooves machined in Inl® by 130 1%
and 8ns laser pulses. Understanding
the mechanisms of defect formation is
important if femtosecond laser micro-
machining is 1o be used in practical
applications, such as the repair of op-
toclectronic devices [24]. e extended
defects observed in femtosecond (and
not nanosccond) machining limit the
precision of” the technique, Future stud-
ies on compound semiconductors ex-
ploring further the dependence of de-
fect formation on laser puise length,
pulse fluence, and scan speed (number
of pulses) would be of definite interest,
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The work presented provides a new insight and new information about the
microstructure and defect formation in the vicinity of laser machined grooves. Perhaps
the most noteworthy and unexpected result was the observation of crystal defects beneath
the grooves machined with femtosecond pulses. These findings support the conclusion
that the femtosecond pulses do not necessary guarantee defect free machining. In this
study, only two extreme cases of femtosecond and nanosecond pulse irradiation were
investigated. A natural extension of the work would include investigation of grooves
machined with pulse duration between = 8 ns and = 130 fs. With the pulse energy and all
other beam parameters held constant, decreasing the pulse duration leads to an increasing
laser intensity incident on the sample. As the intensity increases the nonlinear effects
start to play an important role and lead to an increase of the effective absorption
coefficient and hence deposition of the energy within a smaller volume. Higher heating
rates caused by decreasing pulse duration in conjunction with a smaller volume lead to
increasing stress buildup. It is reasonable to expect, that at some critical pulse duration,
the thermoelastic stress would be released by formation of crystal defects, observed here
in the limit of femtosecond machining. Since TEM analysis is difficult, sets of grooves
would first be examined by DOP imaging. Examination of both the spatially resolved PL
and DOP images could indicate at which pulse duration the defects start to form, and
identify samples most suitable for TEM analysis. Combined TEM, DOP, micro-Raman
analysis and FEM modeling will provide a very complete assessment of the final state of
the material after laser micromachining of grooves and other features.



Chapter 6

Summary and Outlook

6.1 Summary

The work presented in this thesis is most conveniently divided into two sets of
investigations: the single and multiple pulse ablation of stationary targets described in
Chapter 4 and micromachining and analysis of grooves cut in InP described in Chapter 5.

The single and multiple pulse ablation experiments were performed with
femtosecond pulses, 60 — 150 fs in duration, centered around wavelengths of 400, 800,
660, 800, 1300 and 2100 nm. The post mortem analysis was performed with a variety of
microscopy techniques including SEM, OM, AFM and TEM. The ablation thresholds at
various wavelengths were determined based on the discontinuity in the maximum crater
depth and the discontinuity in the crater volume vs. fluence measurements. The
formation of coherent surface structuring after multiple pulse irradiation of stationary
samples was investigated on InP and other I1I-V and IV semiconductors and sapphire.
Conditions required for formation of the ripple structures were identified but the exact
mechanism of formation of these patterns is still an open question.

The experiments involving micromachining of grooves in InP were performed
with =130 and = 8 ns pulses, at wavelengths centered around 800 nm. The dependence of
the ablation rate of femtosecond pulses on various machining parameters was measured
via SEM. The DOP measurements were performed on selected grooves to study the
photoluminescence efficiency and the residual strain resulting from femtosecond and
nanosecond laser micromachining. Significant differences in the geometry of the strain
patterns were observed in grooves machined in the two temporal domains. Detailed
cross-sectional TEM analysis of the microstructure was performed for grooves
micromachined in femtosecond and nanosecond temporal domains. Substantial densities
of defects were observed beneath the grooves machined with femtosecond pulses.

6.2 Outlook

Suggestions for further studies specific to each set of experiments were included
at the end of each section in Chapters 4 and 5. In addition to extending the experiments
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to different materials and a wider range of laser parameters, several additional
possibilities for further research can be considered.

One interesting perspective for ultrafast ablation research involves the use of
temporally shaped pulses. Most femtosecond lasers produce pulses with a Gaussian
temporal profile. It is often assumed that ablation with the shortest pulses leads to the
best machining results. This assumption is true for some materials, such as sapphire and
fused silica [99]. In cases of brittle materials, such as CaF, it is beneficial to deliver the
energy in a sequence of several weaker femtosecond pulses separated by a few hundred
femtoseconds [100]. The use of temporally shaped femtosecond pulses exploits the
dynamics of energy deposition and dissipation within the interaction volume. Modulated
energy input leads to controlled heating and softening of the lattice, and reduction of
stress buildup during the ablation process. The first results of ablation of silicon with
temporally shaped pulses were recently reported [101, 102]. Temporal synthesis of
arbitrary pulse shapes is the most flexible technique but it requires the use of
sophisticated equipment [103]. An alternative approach involves the use of burst
machining [104,105]. In burst machining, the energy is deposited by a train of several
hundred femtosecond or picosecond pulses separated by few nanoseconds. In the context
of the work presented, the use of temporal pulse shaping would be particularly well suited
in the study of defect formation beneath grooves machined with femtosecond pulses.
More specifically, determining the optimum pulse duration, pulse separation and the
energy of individual pulses that minimize the residual strain and defect densities resulting
from femtosecond laser machining would be of interest.

Spatially and polarization resolved photoluminescence imaging (DOP) proved to
be very valuable in analysis of strain fields resulting from laser micromachining of InP.
However, the current DOP imaging setup is limited to analysis of light emitting materials,
such as direct band-gap I1I-V semiconductors. Imaging of direct band-gap dielectrics is
possible but requires a deep UV pump laser. However, a femtosecond oscillator could
replace the UV laser. The principle of DOP imaging utilizing multi-photon pumping was
already demonstrated in our laboratory on GaP pumped by a femtosecond oscillator at
central wavelength of 800 nm. This configuration would provide a convenient method of
extending the DOP imaging to wide band-gap semiconductors and dielectrics. An
extension of DOP imaging to indirect band-gap semiconductors and metals would also be
of great interest but requires an alternative approach. One possibility involves the use of
reflection geometry to study the changes of the polarization state of light at the reflection
from the interface [106]. The development of new analysis tools, such as multi-photon or
reflection mode DOP imaging is another interesting perspective for further research.

All results presented in this thesis relied on post mortem analysis of lateral and
vertical dimensions of the ablation craters. The ability to probe the ablation dynamics
would be of great interest. The recently reported technique of time-resolved
interferometric microscopy [107] is capable of temporally resolving the lateral and
vertical evolution of surfaces excited by femtosecond pulses. The authors in Ref. 107
reported a temporal and spatial resolution of 100 fs and 1 pm respectively, and an ability
of detecting surface deformation of 1 nm and | percent change in surface reflectivity.
The study of GaAs excited by femtosecond pulses was also demonstrated. Application of
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a time resolved technique would be an excellent prequel to the post mortem analysis
studies presented.

6.3 Concluding Remarks

The experiments presented in this thesis were largely exploratory in nature and
covered several different aspects of laser ablation and micromachining of InP. The work
serves as an excellent foundation for future research in the field. Constant refinement of
experimental techniques, development of new analytical tools and on-going theoretical
work will without a doubt lead to more complete understanding of the ablation process.
Further advances in the ultrafast laser technology, and development of more powerful and
cheaper laser systems will likely lead to more widespread use of femtosecond laser
systems in many technological applications.



Appendix A

This appendix contains two previously published papers, which summarize work
completed during my Masters Degree.

A.l. X-Ray Emission From  Femtosecond Laser
Micromachining

This paper presents results of spectral characterization and absolute dose
measurements of x-ray emission resulting from irradiation of various metal and
semiconductor targets, under conditions potentially encountered during laser
micromachining,.

Dr. Jan Thegersen was the principal researcher and author of the manuscript. This
work was started during my first year of graduate studies and [ provided assistance with
all experimental aspects of the work presented.
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Abstract. We characterize the spectral propertics of X-rays
generated from selected metal and semiconductor targets
when 120-fs laser pulses are focused to intensities of
~ 10%-3 % 10" W/cm?® during fascr micromachining in air.
High fluxes of muli-keV-energy X-rays could be obtained
with 280-)1J pulses at a { kHz repetition rate, The yield and
spectral composition of the X-rays are found to depend scu-
sitively on the processing conditions, and thus the X-ray
emission is expected 10 be a novel indicator of optimal laser
machining.

PACS: 42.62CT1: 613013 78.701n

Femtosecond lasers are becoming important tools in mate-
rials microprocessing [ 1-4]. Ulirashort laser pulses lead to
a qualitatively diltferent interaction with solids, resulting in
higher resolution cuts with less damage to the surrounding
material. The lasers deployed in femtosecond laser machin-
ing commonly have pulse cnergies ranging from 0.1 pd to
| mJ and repetition rates in the 1-250 kHz regime, Tight fo-
cusing leads to peak laser intensities ~ 107 =107 W/em?
and the production ol X-rays. Despite the fact that X-rays
are known to be-generated at these laser intensities {5~12).
allention has not been given o X-ray emission resulling
from femtosecond laser micromachining. In part, this is due
1o the tact that laser-produced X-riay research has normally
been conducted under vacuum conditions with high-pulse-
energy, low-repetition-rate systems. Studies inair have gener-
ally been lacking and the important connection with materials
processing has not been established. This preliminary inves-
tigation characterizes the X-rays generated with intensities
~ H0M=3 5 10 W/em? and brietly discusses potential ap-
phications for laser machining.

" Permanent address; Depantiment of Chenustry, Aarbms University, Lange-
Lundsgade 1-10, 8000 Adhus, Denmark

** Corresponding author

(Fax: +1-905/521-3773, E-mail: hauge nh @ mcmasterca)

I Experimental

A regeneratively amplified Tizsapphire laser produced 120-fs
pulses at a repetition rate of 1 kHz and with a maximum pulse
encrgy of 0.3 ml. Figure 1 shows (wo typical experimental
setups. In Fig. 1a, a S0-mm-focal-length plano-convex lens
was cmployed to focus the laser beam at 457, with the X-
riays being detected in air perpendicular to the sample surface.
In the contiguration ol Fig. 1b, cither a 25-mm-local-length
eraded index fens ora 10x microscope objective was em-
ployed to Tocus the laser beam perpendicularly (o the target
surtace, with the X-riays detected at = 457, "Ihe perturba-
tion by air in-our work did not seem (o significantly aftect
the generation ol multi-keV Xerays, ‘The target was con-
trolled on an xyz-translation stage with a maximum speed
of 200 un/s. Xeray spectry were measured using two ditfer-
ent detectors (SizLi and Ge). Since laser-produced X-rays are
emitted in picosecond bursts which are orders ot magnitude
shorter than the detector response time [8), in spectroscopic
measurements pulsed X-ray emission can lead to pile-up arti-
facts. Spectrat distortion was minimized by inserting an aper-

To multi-channel
analyzer

CCD camena

XYZ-sample
manipulation
stage

a
Fig. b, Schematie of our typical experimental selaps: w A plano-convex
lens was used to focus faser pulses at an angle of 457 on target 1n 3 stainless
steel chamber. A -mmcthick steel plate with a LS-mm-diameter apettuge
was positioned in front of the Si:Li or Ge solid-state detector used for X-ray
spectruseopy at a 13-cm distases, b A graded idex lens or micraseope ob-
jective focuses the Taser perpendicular to the surface, with X-ray monitoring
ab 457 and a detector distance of § em
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ture (Fig. 1a), ensuring an average count rate less than one
cvent per 10 laser pulses. In separate measurcments, the X-
ray dosc-rate was measured by a thin-windowed ionization
monitor (Bicron RSO-5) wilh a low-cnergy gradual cut-ofl’
around 8 ke,

2 Results and discussion

X-ray spectra taken perpendicular to the target (Fig, 1a) were
observed from several samples including Al Ti, Cr, Fe.
Cu, Zn, Ge, Nb, Mo and W. For laser pulse energies of
240-280 Jd. K-radiation was obtained for all elements with
K-line energies fess than 11 keY, corresponding to elem-
ents with atomic numbers Z < 32, whereas for clements
with Z > 32 only a continuum was measured. In separate
measurements using a 25-mm-focal-length praded index lens
(Fig. 1b), the Cu spectrum was recorded as a function of
laser pulse energy. The Cu spectrum of Fig, 2a consists al-
most exclusively of K-line radiation (8.0 keV K., and 8.9 keV
Kp), whereas Fig, 2b illustrates the rapid drop in the ratio
between the line and continuum emission with decreasing
laser intensity. Systematic investigations ol the relationship
between line and continuum emission employing Cu, e
and T targets demonstrated that K-line radiation can be ob-
served when the laser intensity is sufficiently high to cffi-
ciently create K-shell vacancics. A scrics of additional meas-
urements with a (10x) microscope objective revealed the
production of continuum radiation up to 4keV at a pulse
energy as low as 0.7pl. These focal conditions are not
diffraction-fimited and could be substantially improved in tu-
ture work.

The X-ray vield emitted from the copper target was also
measured by the Bicron RSO-5 monitor positioned 13 ¢
from the laser focus. The trget was translated wt 150 jun/s,
meaning that ~1%: of the exposed target was replaced by pris-
tine copper for every laser pulse. We were able to achieve

80 a

Signal (counts)
d

4 6 8 1012 1416 18 20
Energy (keV)

Fig. 2u,b. X-ray spectra measured in air from a copper target for two laser

pulse energies: 8- ed (), and 2845 (b, The relative scales of the two

spectra are not normalized, Low-level pileup eftects are evident at energies

greater-than 10keV (see text)

(corrected) dose rates for X-rays with energies within the
sensilivity range of the monitor as high as ~10mSv/h
(~1rem/b). Assuming isotropic cmission and the lactory-
specified detector elliciency, we estimate that the total X-ray
yvicld into 27 steradians within the monitor's cnergy range
was ~10% s~ (10% per faser pulse).

The high multi-keV X-ray yiclds demonstrate that hard ra-
diation signals from laser machining can be monitored in air.
We observed the X-ray yield to increase as 12 #2923 for the in-
tensity range 1-3 x 10" W/em?, indicating that the produc-
tion mechanism operates in a sensitive nonlinear regime. Our
yiclds also increased strongly with increased target speed;
hence much higher X-ray fields could be produced if the
translation speed casured a pristine sample for each pulse.
In contrast, little or no radiation was observed from station-
ary targets since the target material at the high-intensity beam
waist is quickly ablated. When machining holes, shadowing
effects are expected tor observation angles outside a cone per-
pendiculir to the target: thus selection of the X-ray monitor-
ing angle might serve 1o monitor machining depths in [uture
micromachining systems!. Measurements of the line-versus-
continuum radiation provides information on the plasma tem-
perature, and therelore with samples of nonuniform clemental
composition, measuring characieristic X-rays could be em-
ployed to reduce collateral damage. Furthermore, the com-
bined intensity and spectral selectivities suggest prospects for
sub-micron control in the selective ablation and marking of
solid surfaces.

Finally, we note that quantitative X-ray dose-rate values
have not, to our knowledge, been reported for the intensity
regime associated with ultrafast laser materials processing.
The high dose rates (~10 mSv/hat 13 em distance) observed
in this work should be taken into account in terms of radia-
tion shielding of the apparatus [13]. X-rays with energy less
than = 5 keV are strongly attenuated in air, and thus the main
shielding effort for our system concerns the 5-20keV range.
Radiation in this energy regime has been eliminaed by mm-
thick sheets of steel {13].

3 Conclusion

The high efticiency of multi-keV X-ray production from mi-
cromachining processes with ultrashort-pulse k12 Lisers sug-
gests important applications. Issues which will define pre-
cisely the ultimate deployment of’ the X-rays in monitoring
ulirafust materials processing, such as the polarization and
angular dependencies, the spatial extent of X-ray emission
relative to the Jaser plasma volume, the intensity dependence
over i wide dynamic range, and the role of ambient air, war-
rant further detailed investigations.

P For an Neray encrgy range of S-10keV, the anenuation cocfficients for
several metals and semiconductors provide extinction lengths on the micron
length seale (13].

*The recommendations of the International Commission on Radiological
Protection (JCRP) indicate via ICRP-60 [13] an annual oceapational expo-
sure limit of 20 mSv, an equivalent annual dose init of 150 mSv 1o the lens
of the eye, and 500 mSv for skin, hands and feet of workers. For continu-
ous of frequent exposure, the reconumended annual linuts tor the public are
1 mSv, an equivalent annual dose limit of 15mSy tor the leas of the eye,
and SO mSy w sakin, hawds and feer, These lanis are intended as o regu-
latory instrument; doses should be kept as Tow as ceasonally possible, and
showld normally be far below these figares.
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A.2. Scanning and Transmission Electron Microscopy Studies
of Single Femtosecond-Laser Pulse Ablation of Silicon

This paper presents plan view TEM studies of single pulse ablation craters on Si.
At the time of publication it was the first report of detailed TEM investigation of single
pulse ablation craters resulting from femtosecond laser irradiation of Si.

I was primarily responsible for the laser ablation work, and writing of parts of the
manuscript. Large portion of this manuscript, especially the discussion section was
written by Dr. Harold Haugen. Andy Duft prepared the plan view TEM sample and Dr.
Maureen MacKenzie and Dr. George Weatherly carried out all of the TEM work.
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ABSTRACT The tinal state ol the material resulting trom laser
irrudiation of silicon using 130 s pulses ut 790 nm was studied
using a number ol techniques including scanning and transmis-
sion electron microscopies, as well as atomic force microscopy.
Structural details and the level ol damage to the nearby solid fol-
lowing irradiation were characterized and are discussed in the
context of recent dynamical studies.

PACS 61.80 By, 64.60.-i; 79.20Ds

1 Introduction

Laser processing of semiconductors has been an
area of intense (undamental and applied research tor many
years due to the technological importance of semiconductors
(seey g [1-3D. A large amount of information is avail-
able on this topic, however, much of the work covers cw
and nanosecond laser processing. In part stimulated by ap-
plications in the micromachining and micromadification of
a wide range ot materials {4- 11}, the study of heating, melt-
ing and ablation of semiconductors his more recently been
extended with an emphasis on uliralast pulse irradition as
well as temporal analysis of the target response | 12-29]. The
dynamics of single-faser-pulse interaction with semiconduc-
tor surfaces has been investigated by a number of technigues
including optical pump-probe {12-15], time-of-tlight mass
spectroscopy [16], time-resolved microscopy {17, 18], and
temporally-resolved X-ray diftraction | 19-22]. A number of
theoretical models have also been proposed to model ultrafast
heating and ablation processes [23--261,

Although extensive recent studies have revealed remark-
able aspects of the ablation process, very little work has been

%1 Fax: +1-905/521-2773, E-mail: borowiaGmemaster.ca
*Department of Engineering Physics, McMaster University, Hamilton,
Ontario, [.88 4M 1. Canada

HPresent address: Depanment of Physics and Astronomy, University of

Gilasgow, Glasgow, G 12 8QQ, UK

U Depatment of Materials Scienee and the CEMD, McMaster Univer-
sity, Hamilton, Ontanio, L8S M1, Canada

*tDepattments of Engineering Physics, and Physics and Astronomy,
and the CEMD, MeMaster University, Hamilton, Ontario, 1,88 M1,
Canada

conducted aimed at the microscopic details of the final state of
the material [28-31]. Also, despite the fact that femtosecond
laser micromachining is often considered “damage-free™, in
contrast 1o processing with much longer pulses, studics which
explore the limits of this assumption are essentially lacking.
In this first study, we have concentrated on single-shot laser
experiments on Si(100) utilizing pulse energies and tight fo-
cussing conditions, which lead to 1arget modification features
on the few-micron scale. In particular, we have examined the
effects of the laser irradiation process on the structure and
composition of the Si target. Analytical tools used to study the
propertics were scanning clectron microscopy (SEM), atomic
force microscopy (AFM), transmission electron microscopy
(TEM), cnergy-dispersive X-ray spectroscopy (EDX), and
electron energy-loss spectroscopy (EELS). Mostimportantly,
extensive TEM studies provide unigue information on the na-
ture of re-solidified target material and the extent and type of
damage to the solid. Our TEM investigations included search-
ing for whole or partial dislocations, and/or twins, as have
heen observed at hardness indentations in silicon where pres-
sures comparable to those reported for single-shot Laser ex-
periments are encountered.

2 ixperimental

Laser pulses o' 130 1% duration with a wavelength
of approximately 790 nm were obtained from a (nominal)
1 kHz repetition rate amplified Tusapphire laser. Typically,
the laser beam was focussed on the sample by a4 10x mi-
croseope objective (Newport M-10x), which has an eatrance
aperture of 7.5 mm. The spot size (2wg) 0o 6.7 pum at the fo-
cus was measured by a scanning knife-cdge technique. With
the pulse repetition rate reduced to 10 He, a fast mechanical
shutter, synchronized with the laser, was used to control the
number of pulses delivered to the sample. In a few selected
studies using a separate laser system and locussing set-up,
60-15s laser pulses were utilized for irradiations inair. The laser
machining process was monitored on-ling with a confocal
imaging system and a CCD camera. Ahhough a few irradi-
ations were performed in air, for most detailed TEM studies
Si (100) samples were placed inside @ small vacuum cham-
ber mounted on a computer controlled Avz translation stage
and machined under rough vacuum (~0.1 mbar). 'The laser
heam was delivered through athin, uncoated sapphire window
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(200 pm thick) cut perpendicular to the c-axis with pulse ener-
gies ranging from 1.9 juJ to 10 nJ. "The energy of the laser was
adjusted with a set of thin (1 mm thick) reflective neutral dens-
ity filters in steps of 0.1 OD (OD = log(lo/ 1), where lp is the
input intensity, and I the output intensity). These filters were
cascaded to obtain the desired pulse energy. ‘The uncertainty
in the laser fluence was approximately 50% duc (o the com-
bined uncertaintics in the lundamental lascr spot size, larget
positioning and the pulse energy. ‘This aspectis particularly
challenging in the present work duc to the very small focal
spots that were utilized.

Changes in surface morphology and size of the laser-
induced features were first characlerized by means of scan-
ning clectron microscopy. The depth and crater profiles were
measured with atomic force microscopy in the contact mode,
Plan-view specimens suitable for TEM studies were prepired
using standard preparation techniques ol mechanical back-
thinning followed by argon-ion-beain milling until electron
transparency was achieved. The sample preparation method
involved the use of an epoxy cement that required heating
of the sample to a maximum temperature of 200 °C. Crys-
tal structure and composition in the vicinity of the abla-
lion sites were investigated using a variety ol T1:M tech-
niques. Standard bright- and dark-field imaging were used
to study the shape and size of the craters and the structure
of the re-solidificd material. ‘These technigues incorporated
an aperture in the back focal plane ol the objective lens to
select the electrons used o form cither a bright-field or dark-
ficld image. A Phitips CM12 conventional transmission clee-
tron microscope, operated at- 120 kY, was employed for this
purpose. Standard selected-arca diffraction and convergent-
beam electron diffraction were utilized to determine the crys-
tallographic structures of the regions investigated. Chem-
ical anatyses were performed on a tield-emission-gun J1:OL
2010F scanniing transmission electron microscope operated
at 200 kV. The JEOL 2010F was equipped with an EDX-
UTW Link ISIS system for anatytical X-ray spectroscopy and
a Gatan 666 clectron energy-loss spectrometer. The energy-
loss spectrum was used to measure the depth of the near-
threshold laser-induced features using a mean free path of
100 nm for silicon.

3 Results

Figure | shows a montage of SEM images of
single-shot craters produced by pulses with energies rang-
ing from 35n) o 1.9pJ. Under our experimental condi-
tions, the damage threshold of Si - as defined by an observ-
able surface change detected via high-resolution SEM - wis
found to correspond (o a laser-pulse energy of approximately
25nJ with a corresponding energy tluence of approximately
150 ml/cm?. As discussed turther in Sect. 4 below, within the
associated uncertainties, the observed threshold is consistent
with that reported in the literature. For example, Downer and
Shank quote a damage threshold of 100 m) /em? for 100-15,
620-nm pulses | 4] while Cavalleri et al. quote a melting
thresbiol) for Si of 150ml/ecm? for 100-1201s pulses. of
620 nm wavelength {16]. While the damage threshold cor-
responds 1o an obscervabie change in the SEM analysis, the
ablation threshold will be detined in terms of the removal of

FIGURE 1

SEM images of single-shot ablution craters produced by 130-fs
pulses with energies ranging from 35 1) tol,9 ud

a significant amount of material. This is often measured via
back-extrapolation ol the squared diameter of the observed
craters as a function of faser fluence, as discussed further be-
low.

Although no abrupt changes in the surtace morpholog
were observed with increasing pulse cnergy, il is-convenient
10 discuss three characteristic fluence regions, which follow
the interpretation of the dynamical studies of Cavalleri et
al. | 16). In our work, these regions can be qualitatively iden-
titicd based on the observed surface morphology and debris
patterns. The first interval of laser-pulse energies is the near
damage threshold and corresponds approximately to the range
2530) « £ < 500, In the secomd interval, corresponding o
pulse energies in the range 50 nJ < £ < 300 nJ, a very distinct
circular rim forms around the craters. A third pulsc-cnergy
bracket, observed with pulse energies of £ = 300 al, corres-
ponds to a4 more violent expulsion of material from the crater.
‘This resulted in very asymmetrically re-solidified material
and in general the deposition of solidified Si droplets both in-
side and outside of the crater region. Figure 2 shows AFM
protiles of the laser-induced features for pulse energies rang-
ing from 60 nJ to 1.9 ). 'The volume below the original plane
of the surlace was found Lo scale approximately lincarly with
the laser-pulse energy. As discussed Turther below, amore pre-
cise determination of the rim volumes will be required in order
to specify an accurite vilue for the ablation threshold within
the context ol the dynamical maodels.

For laser-pulse energies > 25 nd, very small features were
obscrved, indicating that the damage threshold had been ex-
ceeded: The surface morphology as observed in the SEM was
indicative of melting followed by epitaxial re-solidification
with mininal loss of material. At the material damage thresh-
ofd, features as small as 500 nm could be obtained under
optimal focussing conditions. With an increase ol the pulse
energy, the size of the damaged area increased up to alimost
2 pum. I this case, the size of the atfected area was always
much smaller than the taser spot size (2w, = 6.7 jum), where
only the intensily over the central part of the beam exceeded
the damage threshold. "This sensitivity also means that the
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Depth (um)

Distance (um)

FIGURE 2 AFM profiles of craters for various pulse energies in order of
increasing depth: 60 nd, 145 0], 275 nJ, S00 o), 840 nJ and 1.9 jeJ. The shape
of an input Gaussian laser beam, with a transverse size corresponding to our
focal spot determination, is illustrated at the top

optical alignment of the focusing objective is crucial. Even
asmall degree of defocus leads to arapid decrease in the beam
intensity on the surtiace, which can either cause fluctuations in
the diameter of the craters or even reduce the fluence such that
itis helow the damage threshold of the material.

There arc several challenges in the TEM analysis of the
laser-induced structures. In the case of features produced by
energies just above the damage threshold, the greatest chal-
lenge is isolating information from the affected material,
Single-shot craters near the damage threshold are only sev-
eral nanometers deep, while the thickness of the underlying
thinned substrate can be several tens of nanometers. In such
rases, information from the relevant region can be masked
by information trom the unattected substrate materiat and
the sensitivity of analysis may not be sufticiently high to de-
tect compositional or crystallographic changes in the affected
material. Figure 3 shows TEM images of features in the near-
threshold regime, taken from the fiest fluence bracket. The
bright-ficld image in Fig. 3a was formed using undiffracted
clectrons and shows a teature of about 2 jun in lateral extent:
Also shown in I‘ig. 3a are selected-arca diffraction patterns
taken [rom the modilied region and from the nearby unat-
fected silicon. Examination of both diflraction patierns re-
veals a weak ring pattern superimposed on the stronger single-
crystal (100) Si spot paticrn, We interpret this ring pattern to
result from surlace oxidation caused by the ion beam milling
and that it is not a result ol the faser interaction. Such an cf-
fect will always be present on the material surface but will be
masked in thicker regions by the bulk material. Tt is particu-
larly pronounced in thinner regions of material, regardless of
whether or not it has been luser-irradiated. The quantities of
oxygen detected in irradiated regions were on a similar level
to those detected in thin regions of unaffected substrate, con-
sistent with the oxygen being a surface eftect resulting from
the ion milling process. A second feature from this regime
is shown in the dark-field image of Fig. 3b, formed using
a diffracted beam of electrons. This leature shows a series off

2 jump———i§

FIGURE 3 TEM images and diffraction patterns taken from irradiations
clase 1o the damage threshold: a a bright-field image with diffraction pat-
terms from indicited regions; and b a dark-field image, Bright- and dark-field
images are utilized in order to obtain optimal contrast under various circums-
stances. Note that in this case the irradiations were not performed under the
tightest focusing conditions

near-circular fringes which can be used to deduce that this is
a shallow, bowl-shaped feature left at the surface as a result of
laser irradiation at this luence. EELS was used o verify tha
even in this regime there was some removal of material result-
ing in the formation of features with depths of approximately
10 nm at their ¢entres. ‘T1:M analysis of the areas immediately
outside of the craters showed no evidence of structural or sur-
face damage.,

When-the laser-pulse energy was increased by approxi-
mately a factor of two above the material dinage threshold,
roughly corresponding 10 an energy fluence of 300 ml /em?,
more significant material displacement was observed. For the
range of pulse energies of 500 to 300 n), the craters were
typically symmetric, and well detined with pronounced rims,
with no significant debris beyond the crater area for vacuum
irradiation conditions. The laser-material modification pro-
cess in this regime was essentially 100% reproducible-and
identical craters could be processed across the entire length
of the sample. Craters for this laser flueace bracket exhib-
ited a characteristic rim = 50150 nm high on the outer edge.
They were typically between 3 and 5 jun in diameter and
= 100-400 nm deep.

Figure da shows o TEM image of a crater produced by ir-
radiation in air using a 60 {s-pulse with an cnergy ol 160 nl.
A convergent-beam electron diffraction pattern {rom the cen-
tre of this crater is shown in the inset. "Phe material in the crater
can be seen to be of a quality comparable o virgin crystal, i.c.
there are no extended or point defects present. (The presence
of such delects would degrade the quality of the diftraction
pattern, particolarly in the high-angle regime of the higher-
order Laue zone, which appeiars as acircle in this pattern,) The
rim, which is 300 nm wide, has solidified as single crystal ma-
terial containing many defects. Figure 4b shows a blow-up of
the rim, The small-scale debris that is visible is typical of ir-
radiations in air. Rims with polycrystalline grains of the order
of 20 nm were also obtained in this regime. In addition, some
amorphous-like layers were found on some of the rims pro-
duced, although many of these were very thin and in some
cases had traces of erystallinity. ‘The exact nature of the rims
that are formed is expected to depend primarily on the rate of
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FIGURE 4

TEM images taken from: a a crater formed by a 160-nd, 60-fs
pulse irradiation in air, with the diffraction pattern shown for the inner region;
and b a magnified view of the rim

cooling of the 8i in the rim during the solidification process,
which will in turn depend on the deposition and dissipation of
energy in the material,

A difterent crater morphology was observed when the
pulse energy was increased beyond approximately 300 nJ,
With this further increase in the laser-pulse energy, the sur-
face morphology continued to degrade, and especially above
500 nJ, droplets of Si approximately 200 nm in diameter could
be seen beyond the outer rims of the craters. In craters ablated
by 1.9 jJ-pulses, large debris patterns of frozen semiconduc-
tor malterial were found [ar beyond the rims. [n that case,
the volume of displaced semiconductor was measured o be
9, and 3 jum? of debris was found on the surface within
the vicinity of the crater. The diameter of the abliation craters
was approximately 6 jun and the ablation depth was of the
order of I um. [n these cases, the surface morphology sug-
gested a violent and explosive removal of material. The debris
patterns in the vicinity of the ablation ¢raters were not repro-
ducible. Figure 5 shows a typical laser-irradiated. spot, using
a | jd-pulse, and iflustrates the nature of the refrozen mate-
rial. Although this particular crater does not show it, some
samples in this regime exhibited a high defect density in their
centres, which presumably arose as a result of the refreez-

FIGURE § TEM images of:'a a typical single-shot erater produced by
a L) pulse of 130-fs duration in vavuum; and b Mow-up of a cim from this
regime, Several craters from this laser Huence bracket also exhibited refrozen
material in their centres ’

FIGURE 6

TEM images of single-shot craters produced by 10-ns pulses
with energies of: w 180 nl; b 250 nJ; and ¢ 330 nJ

ing of molicn silicon, which was not expelled from the crater.
Only small variations in the size and depth of the craters were
observed due o the laser intensity instabilitics, and optical
alignment was not as critical as in the lowest fluence range,
Defocusing of the beam resulted in an increase of the spot
size and therefore an increase in the fateral size of the ablation
craters. Aberrations such as astigmatism will lead to asym-
metric craters and debris patterus,

For the purposes of an initial comparison between
nanosecond- and temtosecond-pulse irradiation, we also con-
ducted a few selected investigations of nanosecond faser abla-
tion of Si. Pulses of 790 nm-wavelength and of 10 ns-duration
were obtained directly from the regenerative amplifier cav-
ity when operated in a Q-switched regime. Pulsc energies off
180, 250 and 330 nJ were utilized. TEM images of the result-
ing craters are shown in Fig. 6. ‘The higher enerey-damage
threshold is expected in the case of irradiation with nanosec-
ond pulses. The lowest energy pulse resulted in a weak feature
of about 2.5 pm-diameter, with no discernable rim. ‘The two
higher-power pulses vielded erater diameters of 3.5 and 4 jun
with approximately 500 nm-wide rims around the craters.
Accounting for the higher threshold of the nanosecond irra-
diations, the lateral sizes of the features in the two wmporal
regimes were similae. In sharp contrast to the femtosecond
studies, the rims for nanosecond irradiation were not uni-
form around the crater and there were many more droplets
of expelled Si on the surrounding surfaces. Essentially, the
higher-power craters were found (o be much less regular than
their femtosecond counterparts. Nevertheless, in the three
cases investigated there was no evidence of extended defects
resulting from the single-shot ablation process.

4 Discussion

The process of femtosecond faser abltion is still
not fully understood, although a number of very illuminat-
ing experiments have been conducted in the past few yuars,
For example, the work ol von der Linde and co-workers has
cmployed time-of-flight mass spectrometry studies | 16] and
timne-resolved miccoscopy [ 17, 18] to supplement standard in-
vestigations and thereby gain new insights into the laser-solid
intecaction. Cavalleri et al. [16} have outlined five fluence in-
tervals in the femtosecond laser inteeaction with materials (for
100 3, 620 nm-pulses). For the lowest fluence range there is
no melting, and the sample is heated via carrier relaxation on
apicosecond timescale. Above acritical fluence (150 ml /em?
in Si) the temperature ol the heated lattice exeeeds the melt-
ing point, and at asomewhat higher luence melting oceurs via
an ulratast athermal process. For fluences exceeding the ab-
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lation threshold (300 mJ/cm? in Si), macroscopic amounts of
malerial leave the solid via a process involving a two-phase
regime; a crater is produced on the surtace. Under conditions
of even more energetic pulses, the heating proceeds to a point
where the expansion does not involve two phases.

Our results can be interpreted within this picture in a semi-
quantitative way. For our lowest pulse energices, small, very
shallow [eatures were observed, which is consistent with the
melling regime described in | 16]. Near the damage threshold,
the affected arcas are very limited in depth since evaporation
is a surfiace phenomenon. [t is important to realize that due to
the Gaussian laser beam, the target is exposed to a range of
fluences [17], with olT-axis areas experiencing a lower level
of excitation due to the spatial intensity variation, lacreasing
the pulse energy leads to higher temperatures in the inter-
action volume and increased crater depth. For intermediate
pulse energies, much deeper craters with a pronounced rim
were observed in our experiments, consistent with an ablation
regime [ 16, 18]. For the higher pulse energies utilized in this
work, the laser fluence was above the limit for surface break-
down and plasma formation. Re-deposition ol material during
expansion leads to the irregular surface morphology around
the craters in this fluence bracket. ‘The rapid heating and cool-
ing cycles are also most likely to be responsible for the defect
concentration in the rims,

It should be noted, however, that the uncertainty in laser
fluence in the present study is approximately 50% and renders
precise comparisons with values obtained by other groups dif-
ficult. Absolute fluence determinations (as opposed to relative
fluences) were not a key thrust of our first investigation, but
rather detailed measurements on the final-state structures re-
sulting from irradiations over a very broad range of fuser-pulse
energies, Moreover, the work of [16] and [ 18] was based on
a different wavelength (620 nm), larger irradiated arcas and
typically shorter pulses interacting with semiconductor sur-
taces under ultrahigh vacuum conditions, Thus, the respective
fluence scales cannot be considered identical, Nevertheless, in
a follow-up experiment we measured the threshold obtained
via back-extrapolating the squared diameter of the observed
features |28, 31]. We obtained 300 mJ fem?, in good qualita-
tive agreement with the dynamical mode! discussed earlier.
As an exiension of the current study, detailed atomic force
microscopy work aimed at determining the net volume re-
moved (.. precise values for crater volume minus rim vol-
ume) would be very useful in future comparisons with the
recent dynamical studies reported in the literature |16, 13].
This would serve to more definitively distinguish a transition
between the melting and ablation fluence ranges in the context
of our electron microscopy results.

Femtosecond laser machining is oflen described as essen-
tally damage-free, in contrast to the results obtained with
longer laser pulses in the nanosecond regime. In this study of
single-shot femtosecond laser ablation of micron-sized fea-
tures on silicon, we have not observed extended defects, even
with detailed examinations using TEM techniques. Given the
very large peak pressures predicted to be created during the
ablation process, of the order of tens of GPa [ 18], it seems sur-
prising that some evidence of extended defeets has nol been
observed in the current study despite the ultrafast timescale in-
volved. Assuming a sufficient coupling time (o apply models

for dislocation formation [32]. the pressure waves, which are
driven into the substrate as a result of the ultrafast material
removal, would exceed predicted critical pressures for the
formation of extensive damage. The actual threshold for the
creation of dislocations depends strongly on the validity of the
assumption that the solid-liquid interface is an ideal source
of extended delects. Even il it were not, we estimate that
a critical pressure ol only approximately 2 GPa would be re-
quired to nucleate distocations in a perfect Si lattice {324, Our
experimental evidence from detailed electron microscopy is
further supported by the recent work of Rousse et al. who
used time-resolved X-ray diffraction to study athermal melt-
ing [217. They report a maximum strain following athermal
melting of InSb of 0.3%. This strain corresponds (o a peak
stress of Jess than 1 GPa, and would lie below the critical value
needed to nucleate dislocations in InSh. Although this work
concemed a binary semiconductor, our conclusions are gqual-
itatively consistent with their observations. In addition, the
recent paper by Loveridge-Smith et al. [22), using longer laser
pulses, report very interesting results on the anomalous elas-
tic response of silicon to stress in a nanosecond time trame,
Further investigations aimed at relating ultrafast dynamical
maodels to structural details ol the linal state of the residual
material would be of considerable value.

Larly work on Si using much longer laser pulses and
large laser spot diameters revealed features on irradiated sil-
icon surfaces [30]. In their initial study, optical microscopy
and clectron dilfraction were used 1o assess the nawre of
the rings formed via approximately 30 ps-pulse irradiation at
witvelengthis of 266 and 532 mm. Liu ¢t al. |30] associaed
these rings with wmorphous silicon. In their second investi-
gagion, optical microscopy, time-resolved reflectivity, SEM
and charged particle measurements were used to study melt-
ing and re-soliditication of a-type (111 Si single crystal,
Again, they discuss an amorphous region around the edges
of the attected zone where the energy fluence only exceeded
the melting threshold by @ modest amount. In a very re-
cent paper, Bonse et al. [29] also discuss amorphization of
n-doped Si(111) tor ultrashort laser-pulse irradiation in air.
‘Their study, which puts a particular emphasis on multi-shot
eltects, spans a wide range of pulse feagths using laser fo-
cal diameters of tens of microns and laser center wavelengths
close 1o our own. Qur experiments found minimal evidence
ol amorphous material following laser icradiation of Si (100),
atthough some amorphous-like layers were clearly observed
for our 60 fs laser irradiations in air. We have also showed
that there is o richness in the stnucture of the rims formed
from femtosecond laser irradiation of 8i (100), typicatly dom-
inated by crystalline material comprising defeets and smatl
polycrystalline grains. There are several possible explana-
tions for the different observations. The studies o' [ 18, 29, 30]
represent much larger spot-size irradiations on silicon sur-
faces, as opposed 1o our Si(100) work: Qur laser-irradiated
spots are typically only a few wavelengths of the laser light
in dimension, which might influence the morphotogy of the
observed features, Moreover, it hias been reported that amor-
phization in silicon due to laser irradiation occurs more read-
ily on (L1]) surtaces, as opposed to (100) surfaces. This
has been explored by Yater and Thompson in a detailed
study [33]. Liu et al. {30] have also provided clear evidence
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for & higher amorphization threshold on Si (100) for 532-nm
irradiation in their carlier report. In addition, the laser wave-
lengths of [18] and |30} (620 nm, 532 nm and 266 nm) are
considerably shorter than in the present work, meaning that
the absorption depths and cooling rates are difterent, although
non-lincar absorption effects must also be considered in this
context. Finally, we note that distinguishing definitively be-
tween amorphous, polycrystalline and highly defective crys-
talline material is challenging on very thin samples. Thus, the
compirisons between [ 18, 29,301 and the current study ap-
pear reasonably consistent within the scopes of the respective
works, although we might suggest lurther investigations on
the nature of the residual surface material for Si(111) and
St (100) large-area single-shot irradiations at a wavelength of
approximately 800 nm in both air and vacuum.

Our first exploratory experiments on single-shot nanosec-
ond laser irradiation of §i did not exhibit extended defects
cither. The nanosecond laser studies were conducted under the
conditions of creating similar-sized features to the femtosec-
ond pulses in the intermediate fluence regime (50-300 nd). It
should be noted that the femtosecond and nanosecond irradi-
ations are very difterent as regards the timescales for stress
generation, In the case of femtosecond irradiation, there is
a strong non-thermal component, whereas there is a ther-
mal mechanism tor fonger pulse irradiation. It is possible
that upon further increase in the nanosecond-pulse encrgy.
corresponding to material removal comparable to the higher-
cnergy femtosecond pulses (300 1) — 1.94eh, extended de-
fects would be observed; this remains to be explored. More-
over, it laser nachining work, as opposed w surlace marking,
multiple-shot irradiation is involved. A comparative TEM-
based study of short- and long-pulse irradiation under these
conditions would be of practical valuc.

5 Conclusions

The present study has provided the first detailed re-
sults of a transmission electron microscopy evaluation of te
residual state of Si (100) material after single-shot femtoscee-
ond laser irradiation. Our key thrust was a search for extended
defects using ‘TEM, in particular for the ablation Nuences
where high transient pressures are expected. The observations
are generally in good agreement with several recent studies
that have clucidated distinguishable regimes. The propertics
of the craters, as well as the surrounding rims, have heen
assessed. For pulse energies of fess than 300 nJ and vacuum ir-
radiation, the craters remained single-crystal and were essen-
tiatly defect-fred, except for the outer part of the rims where
arelatively high defect density or polyerystalline content was
observed. Even for higher pulse irradiations, no evidence of
exteaded defects was found; the only detects present being
those observed in the re-soliditied material. This raises some
questions regarding the peak pressures associated with ultea-
fast ablation processes, Future detailed AI'M studies aimed
at determining the actual volume removed in-the interaction
processes are also suggested. In addition to being of funda-
mental interest, our results contain viluable empirical infor-
mation for practical consideration in. the micromodification
ol materials using femtosecond Jight pulses. Issues such as
the extent ol material damage beyond the intended volume, as

well as structural and chemical changes resulting from abla-
tion, are of immediate interest. Beyond the single-laser-pulse
case, extensions to a detailed microscopic analysis of multi-
shot induced effects would also be of value,
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