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ABSTRACT

FEMTOSECOND LASER ABLATION WITH SINGLE
AND TWO-PHOTON EXCITATION FOR MEMS

Mohamed Abdelfattah Kottb Ahmad Elbandrawy
Old Dominion University, 2006
Director: Dr. Amin Dharamsi

There is an increasing interest in femtosecond laser micromachining of materials
because of the femtosecond laser’s unique high peak bpower, ultrashort pulse width,
negligible heat conductivity process during the laser pulse, and the minimal heat affected
zone, which is in the same order of magnitude of the ablated submicron spot. There are
some obstacles in reaching optimal and reliable micromachining parameters. One of these
obstacles is the lack of understanding of the nature of the interaction and related physical
processes. These processes include amorphization, melting, re-crystallization, nucleated-
vaporization, and ablation.

The focus of this Dissertation was to study the laser-matter interaction with single
and two-photon excitation for optical micro-electro-mechanical system (OMEMS)
applications. The laser pulse interaction mechanism was studied by performing a series of
experiments including self-imaging experiments, two-photon absorption measurements,
and micromachining processes characterizations.

As a result of the self-imaging experiment, it was found for both Si and GaP that
the material surface reflectivity increased twice as much during the action of the laser
pulse. The generation of electron-hole plasma of 10cm™ density was assigned to be

responsible for the reflectivity jump. The Drude damping time of the generated plasma
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was determined to be 0.35 fs for silicon and 0.27 fs for gallium phosphate.

Additionally, a precise measurement of the two-photon absorption (TPA)
coefficient () was done. The TPA coefficient was found to be 0.2 cm/GW. Experimental
results were in good agreement with the theoretical expectations up to a point at which
the ablation started kicking off and the plasma absorption took place.

In case of a single pulse interaction with silicon, self-assembled nano-filaments of
a few tens of microns’ length and about 100 nm width were observed for the first time
with the femtosecond single pulse interaction. The filaments were characterized using
atomic force microscopy (AFM) and scanning electron microscopy (SEM).

Femtosecond micromachining parameters of silicon were then characterized. The
laser beam was first cleaned up using two optical techniques: spatial filtering and
expanding. Both cleaning-up techniques gave a clean beam profile; however, with spatial
filtering, it was hard to maintain the laser beam quality for a long time as the pinhole in
the telescope was destroyed in a matter of hours, so the second technique was used
instead.

One- and two-dimensional amplitude gratings were written on the Si surface
using the characterized micromachining parameters.

The properties of one-dimensional machined grating depended on laser
polarization orientation with respect to laser scanning direction and pulse energy. 1-D
diffraction patterns were obtained from parallel machined samples, while 2-D diffraction
patterns were obtained from a perpendicular machined sample at laser energy density <

0.6 J/cm?.

The 2-D diffraction patterns resulted from secondary periodical ripples along the
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polarization direction. During parallel writing directions, these ripples smoothed out; in
perpendicular directions, they remained and gave rise to 2-D diffraction pattern. These
ripples had large periods (3-5 microns) and were perpendicular to the small periods that
have been reported.

The investigations presented in this Dissertation increase the understanding of the
ablation mechanism under a single laser pulse, the semiconductor materials’ behavior on
the femtosecond time scale, and the associated self-assemble structure process. The
feasibility of short-pulse laser micromachining of semiconductor materials for the micro-
electro-mechanical systems (MEMS) was also shown along with the process
characterization, which provided guidelines that could help in explaining and advancing

the currently existing laser materials processes.
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CHAPTER 1

OBJECTIVES

The objectives of this Dissertation were to study laser micromachining processes
for micro-electro-mechanical systems, especially as they relate to single and multiple
pulses ablation of semiconductors. More specifically, this Dissertation was to develop a
better understanding of the phenomena involved in the laser ablation processes, than what
is currently available. This development was to include the investigation of the ablation
mechanism associated with single and two-photon excitation processes using an ultrafast
self-imaging technique, to characterize the two-photon interaction process and to
determine the two-photon absorption coefficient of gallium phosphate material, and
finally, to utilize the gained information in characterizing the laser micromachining
process for optical micro-electro-mechanical systems and then fabricate and test a simple

OMEMS device.
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CHAPTER 2

INTRODUCTION

Since it was invented, lasers in general and ultrashort lasers in particular have
become increasingly more interesting because of their unique properties compared with
more conventional machining tools. Femtosecond lasers have been widely used in
processing different materials, such as metals [1-7], polymers [8-11], semiconductors [2,
12-15], ultrahard materials [16-18], and transparent materials [6, 19] for various
applications.

In section 2.1, an overview of the ultrashort laser pulse ablation challenges is
presented. Then, section 2.2 is devoted to discussing the methodology followed in this

Dissertation. Finally, in section 2.3, the Dissertation organization is presented.

2.1. OVERVIEW

Laser material processing is a wide field that can be categorized according to the
material properties (electrical or mechanical) or according to the used laser beam. As for
the target material, almost all materials, metals to insulators, hard to soft tissue, organic to
non-organic, can be machined using ultrashort pulses. Lasers as micromachining tools
can be also categorized according to power, wavelength or pulse width. However, the
investigations contained in this Dissertation were devoted to the interaction of material
with ultrashort pulse lasers.

The mechanisms and the main factors governing the laser processing remain

controversial and need further theoretical and experimental studies in order to describe
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the thermal field, thermal-mechanical stress and deformation, fluid dynamics of the
molten material, plasma shielding, and thermal prehistory of the processing. The
complexity of the problem is mainly due to the different contributions and the
significance of the above mentioned processes and depend on the external parameters like
pulse duration, pulse energy, and pulse repetition rate. The most important parameters are
the ratios of pulse duration to the carrier’s cooling time and to the lattice heating time,
which determine different mechanisms involved in light-matter interaction. This
difference manifests itself with increasing accuracy in laser micromachining when the
pulse duration changes from nanosecond to femtosecond time region.

For a single nanosecond laser pulse interaction with matter, a number of theories
were proposed to explain laser ablation process. A simple one-dimensional model was
developed based on the theory that the material exposed to the laser beam is removed via
evaporation [20]. The alternative mechanism for material removal suggested that surface
evaporation in the area exposed to laser irradiance induced recoil pressure [21}, which
ejects molten material. A more sophisticated model included accurate calculation of the
melt front dynamics, which was usually treated in terms of the ‘problem of Stefan’ [22].
This model was based on the assumption that no melt motion occurs. The assumption
seemed to be valid if the intensity of laser pulse was sufficiently high so that the material
evaporated faster than it moved, and/or the interaction time was short enough that
noticeable melt displacement could not occur. In addition to thermal consideration, it was
also suggested that laser-induced plasma could significantly affect the absorption of laser
pulse energy. A fundamental plasma-based model for the laser energy transfer was

proposed in which the dominant energy transport process was found to be the release of
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kinetic and ionization energy of charged particles being absorbed and then recombining
at the wall [23].

As for femtosecond laser pulses which produced high and accurate
micromachining, theoretical and experimental investigations of the ablation process were
still in progress [24-35]. The main difficulties resulted from the need for the electron
kinetic theory to be employed to account for the electron-phonon interaction, since the
Fourier theory was no longer accurate due to omission of high-order terms in the
presentation of temperature gradient. Nevertheless, the two-temperature model for
electron and phonon subsystems was developed based upon the assumption that the
ablation process could be considered as a direct solid-vapor transition. In this case, the
lattice was heated on a picosecond time scale, which resulted in the creation of vapor and
plasma phases followed by a rapid expansion in vacuum. During all these processes,
thermal conduction into the target was neglected. The model was still under experimental
verification and received only partial support. The opposite viewpoint was proposed in
the model of ultrafast thermal melting of laser-excited solids by homogeneous nucleation.
This model was based on the classical nucleation theory, which showed that for sufficient
superheating of the solid phase, the dynamics of melting was mainly determined by the
electron-lattice equilibration rather than by nucleation kinetics. Complete melting should
occur within a few picoseconds. This time scale lays between the longer time scale for

heterogeneous melting and the shorter time scale for possibly nonthermal melting

mechanisms.

None of the theories above could have been directly applied to the description of

periodically pulsed regime of light-matter interaction, in which temporal evolution of the
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average temperature came to play a significant role.

This Dissertation was devoted to investigate the interaction of the ultrashort pulse

laser and semiconductor material, namely Si and GaP.

2.2. METHODOLOGY

In order to investigate the nature of the ultrashort laser pulse ablation mechanism
of semiconductors, an experimental approach was utilized.

A chirped femtosecond laser was used in conducting the experiments. The laser
beam had the following parameters: wavelength (A) of 800 nm, adjustable repetition rate
from 1 to 1 kHz, pulse width of 110 fs, and pulse energy of 1 mJ. The laser power was
controlled using either a half wave plate and a rotating polarizer or a set of neutral density
filters. The laser power stability was continuously monitored using a fast-rising time
photodiode (1 ns). A computer controlied electro-mechanical shutter was used to run the
experiment in single pulse mode as well as control the exposure time in the multiple
pulses exposure mode.

The target materials, silicon and gallium phosphate, were cleaned with methyl
alcohol. Then, the experiments were done in air under atmospheric pressure.

The exposed samples were examined using the optical microscopy, Atomic Force
Microscopy (AFM), and Scanning Electron Microscopy (SEM).

The self-imaging experiment’s results were analyzed to determine the material
status under a single pulse excitation in both cases of silicon and gallium phosphate

samples.

Pump and probe experiments were conducted on gallium phosphate to study the
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material temporal change of the optical characteristics at fixed laser power. Further
investigation was carried out to determine the numerical characteristics of the self-
absorption measurements. The transmission as a function of laser power was studied to
determine the two-photon absorption coefficient. Experimental findings and theoretical
calculations were compared and the observed deviation was explained.

Single and multiple pulses ablation experiments were performed on silicon for
MEMS fabrication. The micromachining process was characterized. The optimal
parameters were used to fabricate an OMEMS device. The device’s surface morphology
was characterized then its diffraction characteristics were optically examined using a

linearly polarized He-Ne laser provided a 5 mW optical power at 632 nm wavelength.

2.3. ORGANIZATION

The Dissertation is organized into seven chapters. Chapter 1 presents the
objectives of this Dissertation. Chapter 2 gives an introduction to this Dissertation.
The introduction chapter includes an overview of laser ablation processes, descriptions of
the methodologies used, and the overall organization of this Dissertation. Chapter 3 gives
the literature review for the investigations of femtosecond laser interaction with
semiconductors followed with the cormresponding micromachining applications.
Theoretical analyses are presented in Chapter 4, starting with the Maxwell equations and
going through the wave equation, ending with the energy excitation and relaxation
mechanisms. The experimental setup is discussed in Chapter 5. Four main setups are
presented. First, the self-interaction imaging experiment, the two-photon absorption

characterization, pump and probe measurement, and finally, the micromachining
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application for MEMS. The experimental results and detailed discussion are presented in
Chapter 6. In addition, a comparison between the experimental results and the theoretical
expectations are given in this chapter. Chapter 7 is devoted for the conclusions of the
investigations conducted in this Dissertation along with the proposed future work.

Furthermore, references are included at the end of this Dissertation as supporting

material.
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CHAPTER 3

LITERATURE REVIEW

For decades, precisely ablated semiconductors have been a critical issue for the
success of the semiconductor industry. Traditionally, wet chemical etching was utilized
to remove layers of the material, but in the pursuit of fabricating photonics devices on a
single chip, other technical methods became promising to try. This demand of the
industry generated interest in finding a non-wet, non-contact, arbitrarily shaped ablating

and reshaping technique for semiconductors.

3.1. LASER INDUCED PHASE TRANSITION

Short pulse inducing phase transition in semiconductors has been an interesting
subject of study since early 1980’s [36-40]. The thermal model assumes that the emission
of the longitudinal phonon is a result of the rapid relaxation of the photoexcited electrons
to the lattice vibrational modes [41]. Accordingly, the melting process occurs when the
material temperature is raised to the melting temperature after absorbing enough heat
[42], suggesting that the phonon emission will cool down the carriers and heat up the
lattice in few ps time regimes. Then, the lattice will melt afterwards.

In the case of femtosecond laser pulses, depositing energy into electron-hole pairs
sub-system in a time shorter than that required for phonon emission would cause an
electronic excitation. Consequently, this excitation would be the reason for the lattice

disorder while the lattice remains relatively cold [43].
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Shank et. al. [24] reported melting status in silicon after being irradiated with
femtosecond laser pulses. Melting was defined as an associated event with the target
reflectivity change from solid reflectivity to liquid reflectivity. A femtosecond laser with
a 90-femtosecond pulse width was divided into two parts to conduct a pump and probe
experiment. The probe pulse was first focused on D,0O to generate a continuum white
light for probing the effect of the pump beam at wavelengths of 1000, 620, and 440 nm.
They suggested that the melt occurred in the front layer and then moved toward a dense
region of electron hole plasma. According to their experimental results, the reflectivity
jumped and then saturation started to take place about 1.5 picoseconds after the exciting
pulse. The reflectivity change was referred to the effect of the dense electron-hole pair
created on the surface and the consecutive melting state. They suggested that the melt
started in the thin front layer and could reach to the bulk material in the case of high
energy laser pulse. The reflectivity of the irradiated material was reflecting a competition
between the penetration depth of the probe pulse and the penetrated depth of the melted
front. When the penetrated depth of the melted front was deeper than the probe pulse, the
melt state reflectivity was dominant.

N. Fabricius et. al. in 1986 [44] utilized the time of the flight mass spectroscopy
technique to obtain the velocity distribution of the ablated particles and consequently to
determine the ablated material status. Picosecond laser with a 25 ps pulse width and
nanosecond laser with a 10 ns pulse width were used to study the phase transition of the
gallium arsenide target. For nanosecond laser pulses, the transition temperature of the
solid liquid phase transitions was in agreement with the equilibrium melting temperature,

while in the case of the picosecond pulses, the target surface was superheated by several

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

hundred degrees. The experiment did not reveal details about the ablation mechanism
associated with the short pulse interaction.

Second harmonic generation reflection from media with inversion symmetry was
proposed by Bloembergen et. al. {45] to be the experiment that might reveal detailed
information about the material structure.

In improvement of the second harmonic generation experiment, Tom et. al. {46]
reported a loss of cubic order in crystalline Si 150 fs after being pumped with a 100 fs
laser pulse.

P. Saeta et. al. [43] reported an electronic phase transformation of GaAs after
pumping the sample with 100 femtosecond laser pulses with a fluence higher than 0.1
J/em®. The reflectivity increased within 200 fs of the pump pulse. They estimated that
more than 50% of the valance electrons were ionized, thus reaching a metallic molten
phase. The results suggested that the lattice was driven into a state of disorder directly by
high electronic excitation while remaining relatively cold.

P. Stampfli et. al. [47, 48] used a tight-bonding model [49] to study the instability
of Si crystal after being irradiated with intense ultrashort laser pulses. They suggested
that the reason behind the instability of the diamond structure of silicon crystal was
mainly due to the dense electron hole plasma created as a result of ultrashort laser pulses.
They suggested that the transverse acoustic phonons reached instability after exciting 8%
of the valance electrons to conduction band. Moreover, when about 15% of valance
electrons became excited, an atomic displacement of about 1 A occurred in a time
interval 100-200 femtoseconds after the exciting laser pulse with a kinetic energy of 0.4

eV. As aresult of the high kinetic energy of the atoms, the diamond structure experienced
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disorder and melting started on a time scale much shorter than that of thermal melting.
Due to the laser induced instability, the energy exchange between the electron subsystem
and the lattice was in a form of mechanical work.

K. Sokolowski et. al. [50] investigated the reflectivity change of some
semiconductors such as silicon and gallium after performing a femtosecond laser
excitation using pump and probe technique. For gallium arsenide, two different phase
transformations were suggested according to the exciting laser fluence. The first type of
phase transformation happened when the laser fluence was up to 1.5 times the threshold
fluence. In this type, a slow phase transition similar to that associated with thermal
melting induced by picosecond pulses or longer was expected. The second type of phase
transformation was expected when the laser fluence was higher than 2 times the threshold
fluence. The transition in this case was of the ultrafast transition nature.

K. Sokolowski et. al. [51] arranged a more detailed pump and probe experiment
on silicon and gallium arsenide. The optical reflectivity and reflected SH signal was
measured. The suggested two-step model to describe the ultrashort laser induced phase
transition obtained results. The excitation stage happened during the femtosecond
exciting pulse. In this stage the optical constants and the nonlinear susceptibility of the
material were determined by the generation and relaxation of the photo-excited electron-
hole plasma. The phase transition from a crystalline solid to a metallic liquid occurred in
the second stage with a characteristic time dependent on the exciting laser fluence. For
laser fluence about 3 times the threshold fluence, the duration time of this stage was
about 300 fs with a plasma density in excess of 10?2 cm™. It was also suggested that a

nonthermal electronic excitation mechanism was responsible for the transformation from

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12

covalent crystalline bonds to metallic liquid state.

P. L. Silverstrelli et. al. [52] presented the molecular dynamic simulation results
of heated silicon with laser pulses. They suggested that the high density laser induced
electron-hole pairs changed the ineratomic forces by weakening the covalent bonds of the
crystal. The simulation suggested that the silicon crystal went into a metallic liquid phase
with properties different from those of liquid silicon. The interaction mechanism was
considered an intermediate state between modes of plasma annealing, which was
triggered by weakening the covalent bonds and ordinary thermal melting, which was
associated with an increase in temperature similar to ionic temperature in this process.
They suggested that the energy transfer mechanism is different from being direct transfer
process.

D. von der Linde et. al. [53] used a high temporal and spatial resolution of time
resolved femtosecond pump and probe technique companied with optical microscopy to
investigate the laser induced optical breakdown of transparent solids. They investigated
the plasma formation due to the interaction of femtosecond laser pulses with transparent
material such as glass, magnesium fluoride, sapphire and fused silica. It was shown that
the plasma was formed on the surface. The breakdown was observed with a threshold
power density in the range of 10" W/cm®. The breakdown mechanism was attributed to
the extrinsic surface properties of the material. Attempts to damage bulk material and
produced plasma were unsuccessful because of the strong beam’s self-defocusing. They
suggested that the self-defocusing occurs due to the effect of the underdeveloping plasma
on decreasing the refractive index, which could be very large as the plasma density

approached the critical density.
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D. von der Linde et. al. [29] used the pump probe imaging technique to
investigate the change of surface reflectivity during and after receiving an intense
femtosecond laser pulse. The experimental technique allowed recording of a series of
photographs at different delay times with high temporal and spatial resolution in the order
of 130 fs and few microns, respectively. Femtosecond pulses of 130 fs and pulse energy
few times of the ablation threshold energy were used to study the interaction with
materials such as silicon, glass, and gallium arsenide.

The reflectivity variations were observed in a wide dynamic range from of 4% up
to 60%. The big change in reflectivity was explained as a result of the optical breakdown
of the material and the fully ionization state, which produced high-dense plasma. The
ejected ionized material left the material surface with the same speed of plasma
expansion in the order of 10’ cm/s. Direct ablation was the only ablation mechanism
suggested with laser pulses much shorter than the plasma expansion time so that no
screening effect could exist.

The results of time resolved measurements of silicon and gallium arsenide were
similar in the early stages but different in the final surface structures. Similar
measurements were performed on aluminum metal film. THE time resolved results were
similar to those of the semiconductor materials used in the experiment with the only
difference being that the ablated area of semiconductor material was uniform; in the case
of metal films, the ablated area was non-uniform.

K. Sokolowski-Tinten et. al. [54] arranged an ultrafast time resolved microscopy
experiment [31] to study the short laser pulse ablation of semiconductor and metal. Since

the nature of the ablation process depended mainly on both the nature of the target
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material and laser characteristics such as laser intensity, wavelength, pulse width and
number of pulses, they used a well-defined single laser pulse to identify the fundamental
physical mechanism of the ablation process. The laser pulse energy was adjusted to be
close to the ablation threshold energy and before the onset of the plasma formation. The
pump pulse incident had an angle of 45 degrees while the probe beam illuminated the
sample and was detected with a high resolution optical microscope. A slight increase of
the reflectivity was observed at about 200 fs, which they referred to as the creation of the
electron-hole plasma induced by the strong electric field of the incident laser pulse. In
about a 1 ps time delay from the exciting pulse, a very bright area was observed as a sign
of a molten silicon brought by the very strong electronic excitation of the
semiconductors. At a much later time ~900 ps, separated and concentric rings appeared
around the center of the monitored spot. Finally, in tens of ns, the resolidified material
appeared, associated with decreasing of the reflectivity level to that of solid silicon.

The same behavior was observed for other different materials such as GaAs, Au,
Ti, Al, and Mg. They considered the existence of the dark rings as a sign of ablation.
They concluded by stressing the idea that the short laser ablation was either a thermal or a
non-thermal process according the exciting pulse energy. They did not check the situation
of high energy laser pulses.

K. Sokolowski-Tinten et. al. [31] studied the thermal and non-thermal melting of
galliom arsenide by applying the pump and probe technique combined with high
resolution microscopy [54]. Ultrafast electronic melting was observed in sub-picoseconds
with pulse energy of 150 mJ/cm’. The‘ recorded microscopic graphs showed a sharp

boundary between two areas. One was experiencing a non-thermal melting as the incident
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energy exceeded the energy threshold and the other with heterogeneous thermal melting
under overheating condition and lasted for about 100 ps. That explained the expansion in
bright areas with increasing the time delays.

In reference to Fig. 2 [31], a reflectivity flat top profile was observed with a time
delay >1 ps, which could not have been related to the generation of electron hole plasma;
however, it could have been related to a melting state reflectivity of GaAs as it was
comparable with the tabulated reflectivity value of liquid GaAs. That liquid state
observation indicated a molten layer thicker than the penetration depth of the probe beam,
which was in the order of 30 nm.

As for non-thermal processes, it was believed that once the energy was above the
threshold energy, the nonthermal melting occurred as a result of the instability caused by
the laser induced dense electron—hole plasma once the plasma density reached to 8-10%
of the populated valance electron of the material. The melting process was then occurring
homogenously.

A. Cavalleri [55] used the time of flight mass spectroscopy to investigate the
melting and ablation process of GaAs after being irradiated with fs laser pulses. The
nature of the interaction process and the corresponding surface temperature was one of
the main goals of their study. The experiment was done on surfaces of GaAs, Si <111>
and Si <100> in ultra-high vacuum 10™° torr. Femtosecond laser with a 100 fs laser pulse,
620 nm wavelength, and 4 mJ pulse energy interacted with the material surface at an
incident angle of 45 degrees. Energy density ranged from 50 to 500 mJ/cm® and was used
in conducting the experiment. The results could be divided into four stages of interaction

according to the applied laser energy density.
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Stage I existed when the laser energy was below the melting threshold. In this
case, the hot electrons relax through electron—electron and electron—phonon scattering.
The hot carrier relaxation time was in the scale of several picoseconds. The surface
temperature was found to be about 1850 K for silicon with estimated activation energy of
0.34 eV which is way below the activation energy for adsorption of single atom, which
was about 4.6 eV. It was suggested that this discrepancy in activation energy’s value may
have been caused by superheating of the solid surface or non-thermal ablation similar to
photophysical ablation of polymer.

Stage II was obtained when introducing laser energy that increases the lattice
temperature to the melting temperature. Nucleation took place at the surface and a layer
of molten material expanded to the bulk. A change in the surface activation energy of
siliéon was observed indicating that there was an evaporation process initiated in the
surface.

Stage III was obtained when the laser energy was less than double of the melting

. threshold, and non-thermal melting took place. The dense electron-hole plasma created
by the laser pulse destabilized the lattice and the energy transfer was faster to the lattice.
Surface temperature of silicon was found to be between 3000 and 4000 K, which was
significantly below the estimated surface temperature of 5160 K. The surface activation
energy remains the same as that observed at lower surface temperature. It was suggested
that the results of this stage showed that semiconductors thermalized rapidly after

nonthermal melting with no indication of nonthermal contribution to the desorption

process.
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Stage IV wés obtained when energy of the laser pulse slightly exceeded the
ablation threshold’s energy. Macroscopic parts of the material were ejected in this stage
and the surface was textured. Time of flight was not giving reliable information about
that interaction regime. Optical measurements were done at different laser energy in
order to be compared with the time of flight results. The ring structure disappeared in the
case of silicon and gallium arsenide at laser fluence equal to 2.5, and 1.8 ablation fluence,
respectively. The time of flight measurements showed a behavior of an ideal gas with
average fluence exceeding 2.5 of the ablation fluence, which meant that the majority of
the ejected particles underwent supercritical expansion.

D. von der Linde et. al. [32] studied the ablation mechanism of metals and
semiconductors using time resolved microscopy. P polarized, Pico and femtosecond laser
pulses were introduced to the target material at 55 degrees incident angle. The weak
probe beam illuminated the sample and recorded pictures of structure modification taken
at different time delays. The laser fluence was kept under the plasma formation threshold.
Both the pump and probe beam were of 620 nm wavelength and pulse width of 120 fs and
5 ps. The change in reflectivity of the pumped surface was observed at pulse encréy of
0.47 J/em’. In the first few hundred femtoseconds, a significant increase in the reflectivity
was observed due to the effect of the photo excited electron hole plasma. Higher
reflectivity was obtained at a time delay of about 2 ps as a result of the silicon metallic
liquid state. Melting was believed to have started in less then 1 picosecond as a result of
the very strong electronic excitation of the semiconductors. The observation of the ring
structure indicated that two sharp interfaces must have been created during the expansion

of the ablated material. That interference pattern was possibly created between the
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reflected light from front and back side of the ablating layer. At a time delay of infinity, a
sharp black ring appeared in the microscopic pictures marking the boundary of the
ablated area. Two possible reasons were expected to be the initiators of the observed
interference pattern. First was the existence of the bubble structure with layer thinner than
the optical penetration depth of the probe beam, which was in order of 10 nm. Second,
the interference effect might have been produced from an ablation area that was
transparent, having high uniform density and a high refractive index.

Molecular dynamic studies [56, 57] suggested three different mechanisms might
have been responsible for femtosecond laser ablation of materials, depending on the laser
pulse energy. With laser fluence above the ablation threshold, the three ablation
mechanisms were active. The three mechanisms were homogeneous nucleation,
vaporization, and fragmentation. Homogeneous nucleation and vaporization were
photothermal processes, while fragmentation was a photomechanical process. The three
mechanisms were effective in different regimes of the target [29].

In the regime where the ablation was not a photothg:rmal process, where
fragmentation was the main process, the constant heating of the target induced a
thermoelastic stress. The relaxation of the thermoelastic stress extremely speeds up the
material expansion. The energy injection in this case varied strong and that caused a
spatially non-uniform strain rate.

The elastic energy stored in the liquid layer grew rapidly and the gradient speed of
the expansion would have been large and would have inhibited diffusion mechanisms that
balanced out the density inhomogeneties. The inhomogeneties would have then lead to

the creation of internal surfaces and then would have enabled relaxation of some of the
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internal stress. When enough surfaces were created, the initial homogeneous liquid would
have agglomerated in clusters and ablation would have started.

B. Rethfeld et. al. [58] described a possible rapid melting of solids being
irradiated with femtosecond laser pulses. It was suggested that for sufficient laser pulse
energy, a superheating of the material could be obtained. Then, the dynamic of melting
was mainly determined by the electron lattice equilibrium rather than by nucleation
kinetics. It was expected that the complete melting of the excited material volume took a
few picoseconds. For the heterogeneous melting, the melt started at the surface and grew
to the solid form with a melt front speed limited by the speed of sound. The melt process
in this case was completed in about 100 ps time scale for a layer material in the order of
100 nm. The fast homogeneous nucleation melting mentioned above had a characteristic
time scale shorter than the heterogeneous melting characteristic time scale and longer
than the nonthermal melting characteristic time scale.

B. Rethfeld et. al. [34] expanded on their work in [58] with a theoretical and
experimental work in bulk tellurium. Femtosecond time resolved along with polarization
microscopy was used to conduct the experiment. It was proven that the boundary between
thermal and nonthermal melting was determined by the applied laser energy density.
Homogeneous melting of the material was observed to be associated with superheating of
material. The time characteristic of that process was in the order of several picoseconds
after the exciting laser pulse. The total melting time of the crystal by homogeneous

nucleation was determined by the lattice heating time.
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3.2. MICROMACHINING OF SEMICONDUCTORS FOR MEMS DEVICES

As for micromachining, the interaction of silicon with ultrashort laser pulses has
been studied extensively because of important applications in the semiconductor industry
such as Micro-Electro-Mechanical Systems (MEMS) and Optical Micro-Electro
Mechanical Systems (OMEMS) [29]. Direct writing on silicon increased the ease of
processing by eliminating lithography.

Chao et. al. [59] utilized the fourth harmonic generation of a Nd-YAG laser in an
interference setup to write gratings on silicon with periods ranging from 180 nm to 550
nm. After laser exposure, the samples were etched with hydrofluoric acid (HF) of 10%
concentration, and then examined with an atomic force microscope (AFM). The grating
lines from the long pulse laser appeared non-uniform, despite a good absorption of the
UV wavelength with the target.

Ngoi et. al. [13] used a frequency doubled 150 fs Ti-sapphire laser in a vacuum
chamber to obtain sub-micron structures on silicon wafers. They reported machined lines
of 500 nm width and 100 nm depth, but the lines were discontinuous and the edges
irregular.

Ngoi et. al. [60] studied the machining of <111> silicon wafers with a 400 nm
second harmonic Ti-sapphire laser using a 300 fs pulse width. The energy of the laser
pulses was varied from 50 to 100 nJ. A linear relation was found between the machining
quality and the laser energy. Yet, the micromachining process was subject to a trial and
error procedure and not investigated in a detailed, consistent way. In this Dissertation, we
utilized the learned information about the short pulse ablation mechanism of semiconduc-

tor to illustrate and test a high quality micromachined a silicon optical device.
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J. Bonse et. al. [29] studied the modification of silicon with femtosecond laser
pulses of variable pulse width ranging from 5 to 400 fs. Single and multiple pulse
experiments were performed. Laser pulse energy of )2 mJ was used to conduct the
experiment. The pulse width was varied by inserting dispersive glass plates in the beam
path. For the single pulse experiment and energy density of 1.5 J/cm’, three different
modification processes were observed using optical microscopy. Going from higher to
lower energy across the spatial profile of the Gaussian pulse, ablation region was
observed first followed by bubble formation due to the boiling beneath the surface,
followed by the region of recrystallization and amorphization, and, finally, the oxidation
region. The ablation with multiple laser pulses was studied. The multiple pulses ablation
threshold was determined to be 0.21 J/cm®. With laser energy 5 times the ablation
threshold, ripple formation was observed. Increasing the laser energy to 10 times the
ablation fluence, conical structure was observed. At laser energy of 20 times the ablation
threshold, volcano-like structure was observed on the ablated region.

The spike formation of multiple femtosecond laser exposure was observed in
etching gas environment such as Cl, or SF¢ by Tsing-Hua Her et al. [61]. The spikes were
conical in shape with 40 microns tall and 1 micron diameter. Irradiating the sample in N»,
He or in vacuum did not construct the conical spikes.

Having a good quality machining laser beam has been one of the big concerns in
micromachining process. Spatial filtering technique was introduced to the
micromachining experiment with different pulse widths (nanoseconds [60, 14],
femtoseconds [13, 62, 63]) to improve the beam quality and consequently the

micromachining quality. The setup consisted of two identical convex lenses and a pinhole
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placed exactly in the focus plan. The laser beam was first focused by the first lens
through the pinhole and then recollimated by the second lens. Many challenges, such as
the deterioration of the pinhole and the reduction of the laser power, were the main
drawbacks of the technique especially when the filter was used in air.

S. Juodkazis et. al. [64] studied the hole drilling of silicon using femtosecond
laser of 80 fs pulse width at the fundamental wavelength (800 nm). The study was done at
5 torr of ambient air pressure. It was found that the low air pressure helped in improving
the micromachining quality in terms minimizing the debris around the machined area.
They refer the improvement in machining quality to decreasing the air breakdown at the
used ambient air pressure.

C. Y. Chien et. al. [65] studied the pulse width effect on the micromachining
quality of silicon. Ti-sapphire femtosecond laser of 2 mJ maximum puise energy, 800 nm
fundamental wavelength, and up to 1 kHz adjustable repetition rate was used in
conducting the experiment. The pulse width was varied from 110 fs up to 10 ps. The
pulse width boundary that introduce melting was found to be 5 ps. Parameters such as
incident laser polarization with respect to the machining direction, laser contrast,
ambient machining gas were found to be essential parameters that need to be optimized to
ensure a high quality micromachining. However, the micromachined features in this
experiment were in the order of few hundred microns, which in not applicable in many
MEMES applications that required microns and submicron features. Optimal condition
for micromachining applications were not introduced as a result of the experiment.

E. Coyne et. al. [66] studied the structural change due to micromachining of wafer

grade silicon. Femtosecond laser of 150 fs pulse width, 775 nm wavelength and 1 k Hz
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repetition rate. The laser energy density was varied from 0.43 J /cm 2 to 14 J/em®.
Scanning transmission electron microscopy was used to investigate the thermal and
mechanical damage in the samples. It was shown that, minimal heat affected zone
features can be obtained by using femtosecond micromachining techniques; however,
lattice damage is created by mechanical stresses and the deposition of the ablated
material limits the extent to which this feature can be obtained. The mechanical damage

observed at the above mentioned maximum energy density was in the range of 4 um.

3.1. SUMMARY

The field of laser-induced phase transitions in semiconductors dates back to the
discovery in the 197(0’s that semiconductor crystals could be ‘annealed’ by irradiation
with a short intense laser pulse. Two models were proposed to explain the structural
change because of the laser excitation. The first is the thermal model, which describes the
structural change as a thermal melting process. In this model it is assumed that the hot
electrons rapidly equilibrate with the lattice through phonon emission. The laser energy
deposited to the material is converted instantly to heat. According to the incident intensity
of the laser pulses, lattice temperature will heat up until it reaches to melting and
vaporization state. The second model is the plasma model. This model attributes the
structural change to destabilization of the covalent bonds resulting directly from the
electronic excitation. In this model, it is assumed that the rate of phonon emission by the
excited electronic system is slow compared to the energy deposition time (i.e., the laser
pulse width). According to this model, the structural change is driven directly by the

excited electronic system. When the excited electronic system reaches 8 — 10% of the
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valence electrons, the crystal becomes unstable, and a structural phase transition occurs.
For nanosecond and picosecond pulses the phase transition from solid to liquid is purely
thermal as the pulse width is either in the same ranger or higher than the lattice relaxation
time.

In Femtosecond laser excitation case, highly nonequilibrium dynamic is observed.
Reflectivity and second-harmonic generation studies of femtosecond laser excited
semiconductors show evidence of rapid changes in the material (within a few hundred
femtoseconds) following the excitation. The studies were performed at low or moderate
energy densities. Different techniques were used to assure the results, mainly imaging
pump and probe technique.

At high energy regime, ten times more than the ablation threshold, some
speculations ranged between thermal melting, non-thermal melting, or phase explosion.
No experimental study was done to verify the material behavior during the femtosecond
excitation at that energy density regime.

As for micromachining application, it is proven that ultrashort laser pulses are a
promising micromachining tool for MEMS fabrication; yet, reaching a reliable and
efficient micromachining process required that many scientific and technical problems
have to be investigated. Basic investigation of single and multiple pulses material
removal need to be performed systematically. Characterization of the governing
micromachining parameters such as laser energy density, ambient gas, laser scanning
direction with respect to the incident polarization orientation, pulse contrast, and the
effect of beam spatial reshaping, need to be performed for the best utilization of

femtosecond laser unique features.
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CHAPTER 4

THEORETICAL ANALYSIS

The interaction between laser and matter depends on the optical properties of the
material and the behavior of the incident pulses on the surface and inside the material.

In this chapter, theoretical analysis dealing with semiconductor will be reviewed:
starting with the Maxwell equation to describe the nature of the light wave, and then
going through the wave equation and the change in the refractive index of the material
being irradiated with laser pulses. The energy diagrams of the semiconductors will be
illustrated. The semiconductor material turns to a metallic nature in the case of melting.
The energy transferee mechanism will be studied in the case of femtosecond laser

irradiation. Finally, the ablation mechanism will be studied.

4.1 LIGHT MATTER INTERACTION
4.1.1 MAXWELL EQUATIONS

Material optical properties depend on the propagation nature of the light inside the
material. Propagation of light inside solid material is well described by the Maxwell
equations. We will consider the four Maxwell equations without any modifications that
would customize them for the case of conducting and non-conducting materials. The two
material classifications will cover the semiconductor in non-melting and melting states,
respectively. Note that throughout the equations of this Dissertation, bold italic letters
will represent vectors. The differential Maxwell equation can be written as following:

VXE =—a—B “.1)
ot
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oD

VxH=—+] “4.2)
ot

V-D=p 4.3)

V-B=0 4.4

where E is the electric field vector; H is the magnetic field vector; D and B are the
corresponding displacement vectors of the electric and magnetic fields, respectively; p is
the charge density; and J is the current density.

The response of the conduction electrons to the electric field is given by Ohm’s
law J=0E (4.5)
where o'is the conductivity.

The response of the bound electrons to the propagated fields inside the material is
represented in the displacement vectors D and magnetic induction B. B and D are
described by the following relations for non-magnetic material:

D=¢E+P (4.6)

B=pH =y H+M (4.7)
where g, is the permittivity in vacuum, l, is the permeability in vacuum, p is the
permeability of the materials, M is the magnetization, and P is the induced electrical
polarization.

Alternately, the response of the bound electron can be written as:

P=(c-¢,)E =ye E 4.8)
where ) = €/€, —1 is the electric susceptibility.

Susceptibility 7 is a scalar quantity in the case of isotropic material, while in non-

isotropic material, ¥ is a vector quantity. In this case, the magnitude of the induced
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polarization varies with the direction of the applied field and 7 is expressed, then, in

tensor, which describes most of the material optical properties.

4.1.2 WAVE EQUATION

The differential Maxwell equations described above (4.1- 4.4) can be manipulated
to obtain the wave equation. In our case, we will consider a non-magnetic and electrically
neutral material: M and p equal to zero. Substituting equation (4.7) into (4.1) and

dividing both sides by p and applying the curl operator will give the following equation:

Vx(iVxE)+%VxH=o 4.9)

U
Differentiating equation (4.2), with respect to time, then using (4.6) and substituting into

(4.9):

2
aaf =0 (4.10)

Vx(—]—VxE )+e
y7i
Using the following vector identities:
1 1 1
VX(—VXE )=—VX(VXE )+(V=)xX(VXE) 4.11)
7 7 7

VX(VXE)=V-(V-E)-VE 4.12)

Equation (4.10) will be

2

V2E—,u£%E

= +(Viogpt)X(VXE)-V(V-E)=0 (4.13)

Substituting from (4.6) into (4.3) and using the vector identity
V(e )=eV-E+E-Ve (4.149)

Equation (4.13) will be
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d0’E
V’E -
He or?

+(Vlogu )x(VXE )+V(E-Vloge)=0 (4.15)

Considering homogeneous and isotropic mediums, the gradient term of | and € goes to

unity and the wave equation takes the following forms:

2
V2E -eu %f =0 (4.16)

The solution will be in the form

E = E jexp(iot - kr) @.17)

where @ is the angular frequency and k is the wave vector related by the equation

= e

4.1.3 LASER WAVE PROPAGATION

When applying a high intensity laser beam, a nonlinear response of the atoms and
molecule of the material is expected. In the presence of an electric field, the polarization
increases by increasing the polarized atoms. Although the laser induced polarization of
the material and is not proportional to the laser electric field, it can be expressed in a
Taylor series expansion as:

P.=¢,7,"E;+ 3, E,E, + yY*E,E,E, +..=

(4.18)
=PY+PP 4 _+P®

where 7% is the material optical susceptibility and P is the polarization. The first term in
(4.18) represents the linear polarization, then increases the order to the n™ term. For the
second order polarization to be considered, the applied electric field should in the order

of atomic field strength E,,.
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For monochromatic laser beams of angular frequency @, and propagating in the z-

direction, consider the laser field taking the following form:
E(zt)=Re(E,(w,,z))exp(io,t) = é[E(a)o ,2)-expli(w,t — kz)} + c.c.] “4.19)

The polarization will be rewritten as:
PPzt = élip(s)(wo,z).exp{ —i(w, )} + c.c.] (4.20)

Now we return to the Maxwell equations and look closely at the polarization.

Substituting from (4.6) into (4.2)

VxH:a_D.*.J:a(_gaE-’-—P)_*_J

4.21
ot ot ( )

Now the material polarization can be considered as a summation of linear and nonlinear
components
P=¢,y,E+P, (4.22)

Equation (4.21) will be rewritten as

2 oE 9%E 3P

—(VxH)=0— N 423
at( xH)=o ot T & or? * ot? (4.23)
VxE =—%’-=—% (uH) (4.24)

where € = & (1+ ().
Taking curl of (4.24), then substituting for the right-hand-side from (4.23) and using the

vector identity (4.12), we get

2 2
VE=u0L 1 e, 2L 4y, aa#
t

_— 425
ot or? (4:25)

Now we substitute from (4.19) and (4.20) into (4.25):
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. 2
_12nKD, g (w,2)

2 . ’Kk?
—i[ a),,n:|dE.(Coa,Z)+wo . Ei(ma’z) .
dz c c

2nKw ® @
B _Pi (@,.2)

[

(4.26)

s (n+iK)?
where n is the refractive index and K is the extension:
gw)=[n(w)+iK w)]? 4.27)

Expressing the amplitude E and the phase ® of the electric field:
E,.(z)=\E (z)‘ exp{id(z)} 4.28)

i is the i" component of the electric field amplitude.

Assuming the following algebraic connection between the susceptibility and polarization
P =g(w, xiy(w, )E,E,E, (4.29)
From (4.28) into (4.26) and substituting for the polarization by (4.29) then separating

real and imaginary parts results in two equations of amplitude E and phase @ of the

electric field.

e

i _ o

dlE (z,t)\
dz s
252
‘E (z)‘ aP(zt) __o, K

E (z,t)‘ -2 [imx (o, )
ni

E (z,t)).

J

E (z,t)‘ .

k

E(z)l.
k

E(z,t)l

1

C dz 2nc

276
E (Z,t)‘ +7"[Rex‘”((oo )L.H.

1

E (z,t)‘.

J

E (z,t)l

i i

(4.30)

c

where K = [a +o,N ] , N is the density, o is the carrier cross-section and o is the

[

linear absorption coefficient.
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Finally, multiply (4.30) by 'E (zt )‘ and summing up all repeated indices, we obtain the

equation for intensity I(w,,z)=( ;—n)IE(z,t)lz (4.31) and phase of the pulse as the
T

following:
dI‘(iz, N R ) I L)
ddsz (4.34)
(z)_ —aN(z,t)+bl(zt)
az
2
B= 33,750620" F(6(Imy" (@, ))) @39

where F is a function of the incident angle 6 and the imaginary part of the 3™ order

susceptibility, a and b are constants, which are described by the next equations:

2
e

o , (4.36)
2nm ),
I 2
b= i’;% F(O(Rex™ (@, )) 4.37)
nec

Equation (4.33) has to be supplemented with a kinetic equation, which is

2
Nt _alet) Pl | pony, o Nz
dt haw 2hw, T,

o

(4.38)

where D is the diffusion coefficient of electron-hole pairs, and 7. is the electron—hole
pair recombination’s lifetime. The system equation (4.34 - 4.38) represents both the
intensity and the phase variation of the light pulse propagating in the medium with the 3™

order nonlinear polarization.
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4.1.4 MODIFIED OPTICAL PROPERTIES

The material response to the electric field depends on whether that electric field
strength perturbs the state of the electrons and atoms of the material or not. In the case of
a non-perturbing electric field, typical optical properties of the material are expected. In
the case of a perturbing electric field, the optical properties of the material may be
altered. This section is devoted to illustrating some of the phenomena associated with

applying an intense electric field.

4.1.4.1 ELECTRON-HOLE PLASMA GENERATION

The laser excitation of semiconductors can be done through linear or nonlinear
absorption according to the laser photon energy with respect to the material band gap. If
the photon energy is equal to or higher than the material band gap, the incident photon
will ionize the irradiated atom through a linear absorption process. In the case of lower
photon energy than the material band gap, more than one photon with summation energy
equal to the energy band gap is required to ionize the atom through a nonlinear

absorption process.

For intrinsic semiconductors, the equilibrium free carrier density at temperature T

is given by [67]

_ 7 E
Na = 2[2’(7::2 :l (m,m, )exp|:— 7 gT:l (4.39)
B

where m,, m; are the electron and hole effective masses, respectively, and kg is the

Boltzmann constant.
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The total absorption coefficient of a semiconductor material can be described by

the following equation:
Gpy =0+N,0, (4.40)

where N, = N.= N, is the density of carrier pairs and ap is the linear absorption

coefficient.

The absorption cross section of the electron-hole pairs, Z'is defined as the following:

o, = e’ [ I A ] (4.41)

2
gn,co’ | m,t, m,T,

where 7,, 7, are the collision time for electrons and holes, respectively.

4.1.5 OPTICAL PROPERTIES OF HIGH INTENSITY LASER IRRADIATED
SEMICONDUCTORS

In the case of the high intensity laser excited semiconductors, high dense electron-
hole plasma in the order of 10*> cm™ or higher is expected. Because of the fast carrier-
carrier scattering, the initial distribution of the excited plasma thermalizes in a few tens of
femtoseconds, leaving the initial carrier temperature >10* K in non-degenerate plasma
[68-70].

There are three physical effects that might be responsible for the changes of
excited e-h plasma’s linear optical properties, namely, (a) state and band filling [71-72]
(b) band structure renormalization [73], and (c) free carrier response. Assuming that each
of these physical processes contributes independently to the material’s dielectric constant,

[74] the change can be presented as

e =g, +Ag,, + A, +Ae,, (4.42)
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where & is the dielectric constant of the unexcited material, and A€;op, AEhgs, and Ag; are

the changes of the dielectric material due to three physical processes mentioned above,

respectively.

4.1.5.1 STATE AND BAND FILLING

The estimation of the state and band filling on the change of the dielectric
constant acquires detailed information about the carriers distributions in both valance and
conduction bands; however, due to the presence of high-temperature carriers, a uniform
distribution over the Brillouin zone is assumed. The magnitude of Ag,,, is estimated from
the ratio between the excited carriers’ density and the total valance band density as shown

in the following equation [75].

N
Ae,,, =—(¢, —1)—1\—;1 (4.43)

0

where N, is the excited carriers density and Nj is the total valance band density.

4.1.5.2 BAND STRUCTURE RENORMALIZATION

The changes of the single particle energy due to the many body interactions, in
the surface plasma can be described by the band structure renormalization. A shift in the
band gap structure with a shrinkage proportional to the cubic root of the plasma density is
assumed [73-76], however, due to the temperature dependence of the band gap, a
deviation from the cubic root proportionality is expected and the change in optical
properties is estimated from the corresponded shift in the optical spectra [77]. The optical

change is described by the following equation [74]:
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Ag,,, =¢,(hwo+AE_, )—¢,(hw) (4.44)

4.1.5.3 FREE CARRIER RESPONSE

The response of the free carriers on the optical properties can be described from

the Drude model by the following equation [73]:

2 o
Ag,, =— Ne ! =[—”] I (4.45)
1
I1+i

2
Somoptmzw 1 +i—

T, Wt

where m*,,,,, = (1/m, +1/mh)'1 is the optical effective mass of the carriers, 7p is the Drude
damping time, and @}, is the plasma frequency.

Both the optical effective mass and the Drude damping time depend on the
plasma density and temperature. Among the three physical processes, at high density
plasma of 10** cm™ or more, the free carrier response was suggested to be the dominant

process that affected the dielectric constant of the material [78].

4.1.6 LASER ENERGY TRANSFER MECHANISMS
4.1.6.1 OPTICAL EXCITATION

In direct band semiconductors, optical excitation mechanisms could be a direct
excitation process in which one or more photons create an electron-hole pair and excite
the carrier to higher energy levels as shown in Fig. 4.1.-a,b. Other excitation processes
require creating or absorbing photons for the sake of momentum conservation, as shown
in Fig. 4.1-c. The last excitation process is an impact ionization, in which a carrier of

higher energy excites another carrier in the valance band.
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Fig. 4.1.: Optical excitation mechanisms in semiconductors.
(V.B. is the valance band, C.B. is the conduction band)

a) Single photon excitation

b) Multiphoton excitation

c) Conduction band Excitation

d) Avalanche Ionization
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4.1.6.1.1 SINGLE AND MULTIPHOTON EXCITATION

When a photon of energy equal to or higher than the material band gap interacts
with the material, an electron-hole pair is created. In indirect band gap semiconductors,
an additional photon is needed to conserve the momentum. The carrier density can be
estimated knowing the absorption depth, the material reflectivity, and the laser fluence as
shown in the following equation:

=(I—R)Fot
hv

N (4.46)

where N is the carrier density, R is the material reflectivity, F is the laser fluence, h is
Planck’s constant, vis the photon frequency, and & is the absorption coefficient.
However, the density of the available states and band filling limits the carrier’s
density that could be achieved through single-photon absorption process. Multi-photon
absorption is another excitation process that requires more than one photon to be
absorbed simultaneously to create the electron-hole pairs. Fig. 4.1-b is a schematic
diagram of the multi-photon process. Since more than one photon produces an electron-
hole pair, the multi-photon absorption process is less efficient than the single-photon
absorption process; however, this process populates different states so it does not
alternate single-photon processes and consequently helps overcome the band filling. The
probability of a multi-photon process is much less than a single-photon process, but it
directly proportions with the laser intensity and can be described as the following:

ﬂ =0, I"N (4.47)
dt

where N is the electron density, Gy, is the multiphoton absorption coefficient, / is the laser

intensity, and m is the number of multiphoton process.
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For a detailed formula of the two-photon absorption, equations (4.34) and (4.38)
should be solved together with some assumptions. For a femtosecond pulse we may
neglect both terms of diffusion and recombination and the transmission T of

semiconductor sample can be written as [79]:

2(1-R)
T, )= — ojln(J + Bl (1-R)d exp(—x* ))dx (4.48)

orto

where R is the reflectivity coefficient, dy is the sample thickness, and f is the two-photon

absorption coefficient.

4.1.6.1.2 CONDUCTION BAND EXCITATION

Carriers in the conduction band will absorb photons and go to a higher energy
level- resonance situation- otherwise; the free electron absorption will be a three-particle
process with an emission or absorption of a phonon or a scattering of another electron.
The process will not increase the carriers’ density but will increase the carriers’ energy.
The imaginary part of the dielectric constant represents the interaction between photons

and free carriers with an absorption depth given by

2

@
a= N_P_% (4.49)
c o’ +y

where N is the free carrier density, @is the photons frequency, @), is the resonant plasma

frequency, and 7yis the damping force of the free electron under the influence of the E

field.

The excitation process leads to ionization when the incoming photon energy is

higher than the ionization energy of the electron.
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4.1.6.1.3 AVALANCHE IONIZATION

Avalanche ionization is a process that involves free carriers’ absorption followed
by an impact ionization process, as shown in Fig. 4.1-d. An electron in a conduction band
absorbs incoming photon energy and is either excited to a higher level in the conduction
band or ionized. The excited electrons will eventually be ionized and then, via collisions
with other electrons in the valance band, the number of carriers will be multiplied. As

long as the laser field exists, the carriers’ density in the conduction band is described as

the following:

@ =

where 1] is the avalanche ionization rate.

The excitation optical process with ultrashort laser pulses can be summarized as
following: the photon excitation will be due to a single- or multi-photon absorption
creating an electron-hole pair. For high intensity laser pulses, due to the band filling, the
single-photon excitation process will saturate. However, the multi-photon absorption
process and the free carriers’ absorption will create more energetic carriers. The newly

created carriers will multiply the number of the created carries through impact ionization

process.

4.1.6.2 RELAXATION PROCESS
Atfter the laser pulse elevates the number of the free electrons in the conduction
band, the carriers tend to relax quickly through number of relaxation mechanisms, as

shown in Fig. 4.2.-a-d.
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Fig. 4.2.: Relaxation mechanisms in semiconductors
(V.B. is the valance band, C.B. is the conduction band)
a) Thermalization through carrier-carrier scattering

b) Carrier-phonon inelastic scattering

¢) Radiative electron-hole recombination

d) Non-radiative electron-hole recombination
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4.1.6.2.1 CARRIER-CARRIER SCATTERING

Carrier-carrier scattering is the first relaxation mechanism shown in Fig. 4.2.-a.
This relaxation process introduces a thermalization of the non-equilibrium carrier
distribution introduced by the laser pulses in a time regime of a few femtoseconds. The
carrier-carrier scattering does not affect the carrier density nor the carrier’s total energy;
however, if introduced, a new distribution of the carrier over the bands consequently

helps in overcoming the band filling effect in the excitation process.

4.1.6.2.2 CARRIER-PHONON INELASTIC SCATTERING

Carrier-phonon inelastic scattering is shown in Fig. 4.2.-b. as the second relation
mechanism of the excited semiconductor. In this process, the highly excited free carrier
emits a phonon that reduces the carrier energy and heats the lattice at the same time. The
process time scale is in the range of 100 fs; however, the energy of the longitudinal
optical phonon is a lot smaller than the excess energy of the excited carrier, which means

tens of phonons are required to get rid of the excited carrier excess energy.

4.1.6.2.3 RADIATIVE AND NON-RADIATIVE CARRIER RECOMBINATION
Free electrons and holes are combined in a two recombination processes, radiative
and non-radiative recombination as shown in Fig. 4.2.-c and d, respectively. In the
radiative recombination process, an electron recombines with a hole both are of the same
wave vector emitting a photon of energy equal to the excess energy. The process takes
place in a time scale of 1 ns and decreases both the free carrier energy and density. On

the other hand, the non-radiative recombination process is the inverse of the impact
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ionization and is also called Auger recombination. In this process, an electron and hole
recombine and transfer momentum and energy to a third carrier. The process is
proportional to the cubic value of the carrier density and therefore it is significant at the

high density of the femtosecond laser excitation.

4.1.6.2.4 CARRIER DIFFUSION

The last mechanism to affect the free carrier density in the localized laser excited
material is the carrier diffusion out of the laser affected area. The carrier density varies in
the normal direction of the sample surface when the laser spot size on the sample is much
bigger than the laser absorption depth. The carrier density in this case is described as the
following:

N(z)=N(0)e™*'* (4.51)
where Jis the optical absorption depth and is equal to the inverse of the absorption
coefficient a.
The diffusion T4 is given by [80]

Tag =6°/D, (4.52)
where D, is the ambipolar constant and is related to the excited electron temperature by
the following equation {80, 41]:

D, =k T,u,/e (4.53)
where kg is the Boltzmann constant, 4, is the reduced carrier mobility for conduction
electrons and valance holes and e is the electron charge.

Diffusion D, varies with the change of the electron temperature during and after

the ultrashort pulses. It is expected that by increasing the electron temperature, the
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diffusion process will speed up; however, in case of the femtosecond laser excitation the
diffusion process is slowed down. The diffusion slowing down comes because of the
carrier confinement that happens with the gradient carrier density being introduced by the

gradient intensity of the exciting laser pulse [41].

4.2 LASER MATERJAL REMOVAL

The interaction between femtosecond laser pulses and material occurs within the
femtosecond pulse width and, consequently, processes such as heating, melting and
evaporation take place on the laser-irradiated area before the heat transfers to the lattice.
Electron-hole pairs generated in semiconductor material can exist before the laser pulse
because of environmental temperature affecting or absorbing the photons of the
background light. The free carriers absorb the laser energy and then thermalize within the
electron-hole plasma. The excited carriers then relax and transfer the energy to the lattice
through interaction with phonons.

The dynamic of the heat transfer mechanism can be described with the help of the
two-temperature model under the assumption that the carriers experience fast
thermalization so the carrier temperature is defined. The phenomenon is described by the

following system of equations:

oT
C,.(T,.,) a‘t"‘ =V(K, VT, , )-8&(T._, -T, )+5(zt) (4.54)
o7,
C 3 =V(K,VT, )+¢(T, , -T,) (4.55)
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where C, k., Ci, k; T..n, T, g and S (z, t) are the heat capacity, the carriers’ subsystem
thermal conductivity, carriers’ subsystem temperature, lattice temperature, carrier-phonon
coupling constant, source term and represents the absorbed energy, respectively.

The coupling term (7.x-T;), in the case of ultrashort pulses, is positive while in the
case of laser pulses longer than tens of picoseconds, it goes to zero.

Ablation occurs when the temperature of the laser spot area increases significantly
in a faster time scale than required for the lattice. A high temperature gradient exists and
repulsion pressure removes the material from the localized spot without affecting the
neighboring area. If the laser pulse width is longer than a few picoseconds or the laser
energy is between the melting and ablation’s threshold, consecutive processes of heating,

melting, and vaporizing take place.
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CHAPTER 5

EXPERIMENTAL SETUPS

This chapter is devoted to outlining the experimental setups and procedures. The
experimental work is divided into two main parts: investigation of single-pulse laser
interaction mechanisms with semiconductors and micromachining application for
MEMS. The first experimental part includes self-imaging measurements, two-photon
absorption measurements and pump-and-probe measurements. The second part contains
beam clean-up techniques, and micromachining setups.

The Ti-sapphire femtosecond laser (Spitfire from Spectra Physics) was used to
conduct the experimental work of this dissertation. The laser system consisted of a
seeding laser and regenerative amplifier. Both lasers were pumped with a 5 W frequency
doubled diode laser and 20 W frequency doubled YAG laser respectively. The output of
the femtosecond laser system provided pulses with the following specifications: 800 nm
wavelength, 110 femtosecond pulse width, 2 mJ pulse energy and a repetition rate ranged
from 1 to 1000 Hz. Unless differently mentioned in the experimental setup, the laser was
used at 800 nm wavelength.

Optically polished silicon and gallium phosphate wafers were used in conducting

the experimental work. The samples basic properties are illustrated in table 1.

Table 1: Basic properties of the experimentally used samples; Si and GaP [78, 81-84].

Material Silicon (Si) Gallium Phosphate (GaP)

Crystal structure Diamond Zinc Blende
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Lattice constant A 5.431 5.4505
Melting point (°C) 1412 1457
Orientation 100 100
Type n-type n-type
Density (g cm™) 2.33 4.13
Resistibility <0.005 Q/cm <0.5 Q/cm
Surface Front side polish — Front side polish —
back side etched back side etched
Thickness (pm) 500 500
Band gap (eV) 1.124 2.26
Dielectric constant @ 800 nm 13.5+10.028 9.11
Refractive index @ 800nm 3.675 3.02
Auger recombination coefficient | 2.8 x 10" cm® sec”’ ~10”" cm® sec”
Optical effective mass 0.12 m, 0.22 m,
Optical phonon energy (eV) 0.063 0.051
Electron affinity (eV) 4.05 3.8

5.1 FEMTOSECOND SELF-IMAGING

The material status during the interaction of single femtosecond laser pulses was
studied by implementing a novel imaging technique. A fast electro-mechanical shutter
(Uniblitz model VS14, Vincent Association) was used to control the number of laser

pulses. For single pulse experiment, since the minimum exposure time of the shutter was
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1.5 ms, the repetition rate of the laser was adjusted to make sure that only one single
pulse was injected to the optical setup. The laser repetition rate adjusted to 10 Hz to
insure stability of pulse energy and by adjusting the exposure time to 100 msec, the pulse
selector enabled the usage of a single laser pulse in the experiment. A schematic diagram
of the self-interaction imaging setup is shown in Fig. 5.1. The setup was based on
monitoring the reflectivity change of the target surface during the pump pulse. The pump
pulse was injected into the optical scheme, focused onto the sample surface then reflected
back, and directed to the detector (Beam profiler system with Chou camera model 4615
from Spiricon), which was video-triggered as the intensity of the background increased
by 5% or more. The pulse energies were continuously monitored by deflecting a fraction
of the laser power to a fast rising detector (model DET110 from Thorlabs). An absorptive
neutral density filter set (from CVI lasers) with variable transmission values was used in
two positions of the setup alternatively to ensure that the detector would not respond to
any intensity changes unless the optical properties of the sample surface changed due to
the interaction with the pump pulse. The use of the neutral density filters made the
detector sensitivity independent from the pump energy.

The neutral density filters were used first to attenuate the pump beam and to record
reference intensity through the reflection of the beam from a non-perturbed sample
surface. The filters were moved in order from the attenuation position to the second
position in front of the detector and then by injecting another laser pulse and recording
the reflected intensity. A computer controlled nano-mover X-Y stage of 10 nm resolution,
+/- 1 pm accuracy and 2.5 mm /sec maximum speed (from Melles Griot) was used to

ensure a fresh sample area for each laser exposure. Samples of n-type silicon wafer
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<100>, and gallium phosphate of 500 um thicknesses and optically polished surfaces
were used in the experiment. The samples were first cleaned using methyl alcohol and
then attached to an optical flat substrate using silver paint. The setups alignment were
checked and readjusted with every new sample.

A series of profile measurements that corresponded to different pulse energies were
obtained. The intensity profiles were extracted using the camera software and were
plotted using Micro-lab Origin software.

The dependence between the intensity profile changes and the pump laser pulse
energy were obtained. The laser-exposed samples were checked with optical, electron
and atomic force microscopy to observe the changes in the surface morphology, which

corresponded with each laser pump energies.

5.2 TWO-PHOTON ABSORPTION

The dynamics of the two-photon absorption process were studied in the following
two experiments. The first experiment investigated the temporal behavior of the material
at a fixed laser excitation level using the pump and probe technique. The second
experiment was devoted to investigate the material response at variable excitation levels
as well as precise experimental determination of the two-photon absorption coefficient of

gallium phosphate sample.

5.2.1 PUMP-AND-PROBE TECHNIQUE

Experimental studies of ultrafast two-photon interaction with gallium phosphate

in the femtosecond time domain were performed. The laser was used in a single-pulse
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mode in the optical arrangements shown in Fig. 5.2. The input laser power density was
kept at 10'" W /cm®. The probe beam represented 2% of the pump beam. In alignment
mode, temporal overlap between the pump and probe beam was achieved by having equal
intensities pump and probe beams, then overlapping the two beams focus spots on a
frequency doubling crystal (LBO). Maximizing the second harmonic generation the LBO
crystal was a sign of reaching the temporal overlap of the two beams. The BBO crystal
was of 250-um thickness and was cut at 28 degree. After adjusting the temporal overlap,
at the same power ratio of pump and probe beams, the spatial overlap was achieved by
carefully adjusting the steering mirrors on the probe arm.

A photo detector of 1 ns rising time (DET210 from Thorlabs) was used to
measure the transmitted probe signal at different delay time after electronically triggered
by the pulse selector controller.

Fresh sample areas were always achieved by moving the sample in the focal plane
a few times the expected laser focus’ spot. The detected signal was processed by the data

acquisition system; then, the collected data was plotted as a function of delay time.

5.2.2 TWO-PHOTON ABSORPTION COEFFICIENT MEASUREMENTS

The single-pulse experimental setup was arranged, as shown in Fig. 5.3., to study
the mechanism of the two-photon absorption process and to measure the two-photon
absorption coefficient of gallium phosphate. An optically polished gallium phosphate
sample of 500 microns thickness was used in conducting the experiment. Absorptive
neutral density filters of transition values ranging between 1 to 90% were used. Using a

fast computer-controlled pulse selector enabled performing the experiment in a single-
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pulse mode. The pulse energy was continuously monitored using a fast-rising photodiode
of 1 ns rising time. Two identical photodiodes were placed before and after the sample.
The first photodiode monitored the input laser pulse energy while the second monitored
the transmitted signal. The two photodiode sensors were kept at fixed position from the
sample. A neutral density set was placed alternatively before and after the sample so that
the detector after the sample sensed the real decrease in the pulse energy due to the
sample absorption as a function of the laser pulse energy. The two photodiodes were
connected to a data acquisition system (DAS from National Instrument). The first
photodiode triggered the second photodiode to sense the response of the incident laser
pulse. A convex lens of 100 mm was fixed on a micro-stage and was used to focus the
laser beam on the sample surface. A fresh surface was always used when exposing the
sample by moving the sample stage a few times of the expected focus spot to avoid any
heat treatment history of the exposed spot. The ratio between the input and transmitted

laser pulse energy was registered into a defined data file.

5.3 APPLICATION

Femtosecond laser fabrication of micro-electro mechanical systems was
considered a direct application in this Dissertation. The application section was divided
into two main parts; the first dealt with the laser beam profile treatments while the second
dealt mainly with the direct micromachining. The micromachining setup was used to
characterize the input laser beam and to run the experiment in different modes, namely,

single and consecutive pulse modes.
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5.3.1 LASER BEAM SPATIALLY RESHAPING

As the second part of the experimental setup dealt mainly with the application of
femtosecond ablation in a MEMS fabrication field, it was very important to illustrate the
setup used for cleaning up the laser beam profile. Two techniques were used to obtain a
clean beam profile, as shown in Fig. 5.4. The first technique was based on spatially
filtering the higher frequencies. In this technique, the beam was focused and re-
collimated using two identical convex lenses of 40 cm focal lens. A pinhole made of
copper was placed in the exact focal plane of the two telescopic lenses previously
mentioned. The pinhole was fixed on an X-Y-Z stage for accurate adjustment of the
pinhole position. Various pinholes of 50, 100, and 200 microns diameters were tested to
optimize the laser output power and the spatial intensity profile. The beam profile
corresponded with each of the previously mentioned pinholes and was observed with a
CCD camera (model Chou 6415 from Spiricon). The CCD camera had a resolution of 5
um.

An alternative cleaning-up technique was used by expanding the laser beam,
using a 10X expander and then selecting an 8 mm diameter area to be the input of the
machining experiment. The selectivity process was done while using the beam profiler
for getting the best flat-top laser profile with no fluctuations or hot spots. The cleaning-up
procedures were done after frequency doubled the laser beam to 400 nm. The laser beam

power was controlled using neutral density filters for adjusting the experiment in the

alignment mode.
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5.3.2 SINGLE PULSE ABLATION

Single-pulse ablation experiments were performed using the fundamental and
doubled frequency femtosecond laser pulses. The experimental setup is shown in Fig. 5.5.
Variable laser pulse energy was achieved using set of absorptive neutral density filters.
Adjusting the exposure time of the pulse selector and the laser repetition rater enabled the
experiment in the single-pulse mode. An F-theta lens of 100 mm focal lens was used to
focus the laser beam on the sample surface at normal incident angle. A fresh sample area
was used in each laser exposure. The experiment was done in air. The sample was pre-
cleaned using methyl alcohol. No post-cleaning was required. The ablated spots were

tested using different types of microscopy, such as atomic force, electron scanning and

optical microscopy.

5.3.3 MULTIPLE PULSES ABLATION

The setup shown in Fig. 5.5. was used to perform a multiple-pulse ablation on
silicon and gallium phosphate wafers with a thickness of 500 microns on an optically
polished surface. The laser was focused on the sample using a 100 mm cylindrical lens.
The laser energy density was 0.75 J/cm?.

Multiple puises were delivered to the sample using a computer-controlled fast
electronic pulse selector. The sample was moved after each exposure to ensure a fresh

area for the next exposure. The sample was examined using ESM.

5.3.4 SILICON MICROMA CHINING FOR OMEMS

Laser micromachining of silicon for MEMS devices was studied using the setup
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shown in Fig. 5.5. A frequency doubling crystal (LBO Lithium Triborate -LiB30Os) of 250
Mm thickness was used to double the fundamental frequency of the 800 nm femtosecond
laser pulses. Fundamental and second harmonic beams v;/ere separated using a beam
separator having 95% reflectivity at 400 nm and 1% reflectivity at 800 nm. The use of
two beam separators decreased the ratio between the fundamental and second harmonic
beams to ~10°, avoiding damage to the sample surface. Beam power was controlled
using neutral density filters. The incident beam was expanded using a 10X beam
expander and was focused using a 0.65 NA objective lens. The lens was mounted on a Z
translation stage of um resolution and was moved along the optical axis of the laser
beam. A 500 um thick <100> n-type silicon wafer was mounted on a computer-controlled
X-Y stage capable of a 10 nm resolution. The sample scanning speed was fixed at 100
umisec to ensure that the overlapping of the beams was approximately 85%. A beam
splitter was placed before the objective lens to continuously sample the laser beam
profile. The laser-micromachined samples were cleaned ultrasonically for 30 minutes. An
optical microscope capable of 500X magnification was used to evaluate the width and the
edge quality of the micromachined lines. To achieve higher precision, an AFM was used
to evaluate line quality, depth, and width of lines. A He-Ne laser was used to characterize

the diffraction properties of the micromachined periodical structures, as shown in Fig.

5.6.
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CHAPTER 6

RESULTS AND DISCUSSIONS

6.1 SELF-IMAGING MEASUREMENTS

The material status during the interaction with single femtosecond laser pulse was
theoretically predicted, and then experimentally investigated. The experimental results
were compared with the theoretical predictions.

When a laser pulse interacts with matter, one would expect that if the ablation
process were taking place during the incident laser pulse, the ablation would be observed
either through the scattered light in the focal plane or a decrease in the reflectivity of the
material as the ejected micro-particles increase the material absorption. The light
intensity transmitted through the cloud is given by

I, = Ipexpl-20,,,(A)NL] (6.1)
where Ij is the incident intensity, N is the density of the spherical particles, L is the
thickness of the absorbing region, o, is the extinction cross-section.

According to Mie scattering theory, the optical density of the cloud of silicon

droplets (conductive, absorbing spheres) can be written as

2
2 3 o
26, (ONL=2 ~37Im 1+2(2’m)|m2 | 6.2)
A m°+2 A lm +2|

where m = n + ik is the complex index of refraction of micro-particles, a is the micro-
particle radii, [ is the depth of material removed from the surface. Nevertheless, there was

no evidence of absorption during the interaction of the laser pulse with both silicon and
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gallium phosphate. On the other hand, reflectivity went up twice its value of fresh surface
as will be discussed later in this chapter.

The absence of absorption in addition to the reflectivity jump might be related to a
free carrier generation phenomena. The dielectric constant at frequency @ for e-h plasma

density N is described by Drude model [84]:

qu

g=g, +ig, _mz(n+ik)2 (6.3)
where 1p is the Drude damping time, N is the plasma density, q is the electron charge,
€, +ig, is the dielectric constant at frequency w and u is the effective mass.

For silicon, all the above parameters (except for Drude time) are approximately

known even for high-density plasma. Dividing the real and imaginary parts of (6.3) gives

the following two equations:

a2
g, —— N4 (2 _g2) (6.4)
TD
" N-q2
€ + —2en-k 6.5)
u-’:{mﬂ%)
D

Solving (6.4), (6.5) yield to real and imaginary parts of the refractive index as following:

i’ _(a-b)+(a-b) +(c+d )

6.6
5 (6.6)
_ _ 2 2
) =\/(a b)+(a 2b) t(c+d) 67
_ 2 2
= —arpsl? b)++(a—=b)*+(c+d) 65)

2
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N'q2 . N'q2

c=¢g,, d=
o
u-t-(m3+—2J
TD

Reflectivity can be written in terms of the refractive index and the extinction coefficient

where a=¢,, b=

as following

(n—-1)" + k2
R=Z"J 7% 6.9
T i ©2)
Substituting from (6.6), (6.8) into (6.9)
- -2 - 2
2 2 2 2
(a=b)+[(a—b)? +(c+d) . _a+b+(a—b)+\/(a—b) +(c+d)
2 2
R=r \/7 2 2 T T J 2 2:2
(a-b)+ (a—zb) terdf f | (a=b)+ (a—zb) +(c+d)

(6.10)
Reflectivity as a function of free carrier density could be plotted using (6.10) at various
Drude damping times for both silicon and gallium phosphate as shown in Figs 6.1 and
6.2. Both graphs 6.1 and 6.2 exhibit similar behavior with a slight shift in the plasma
resonance value. The plasma resonance appears at the excitation of 15 % and 20% of the
valance electrons in case of silicon and gallium phosphate respectively.

The experimental study of the problem was performed at various laser pulse
energies with maximum energy density of 5 J/cm?. The selected range of energy density
was not explored in previous publications concerned with this physical problem.

The reflectivity was probed during the incident laser pulses at various energies.
The differences in reflectivity before and during the femtosecond laser pulses

corresponded to the changes of the material status.
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A non-perturbing single laser pulse hit the sample surface, and then reflected to a detector
for intensity measurement. An optical scheme was arranged in such way that the intensity
detector would not record any intensity changes of the reflected beam, despite the
incident laser energy density, unless the sample surface had a change of its optical
properties during the injected laser pulse.

Intensity distributions of reflected laser pulses at various energy densities in case
of silicon and gallium phosphate samples are shown in Figs. 6.3 and 6.4, respectively.

The measured intensity profile of the reflected laser pulse in both silicon and
gallium phosphate cases were directly proportional with the incident laser energy density.
The peak amplitudes were extracted from Figs 6.3 and 6.4 and then plotted against the
corresponding incident pulse energy density for both silicon and gallium phosphate as
shown in Fig. 6.5 and 6.6 respectively. The material optical response in Fig 6.5 and 6.6
can be divided into three regions. The first region represented a constant function. At this
region the reflectivity of both silicon and gallium phosphate were equal to their
reflectivities at the solid state form of the material. This region ended at maximum laser
energy densities of 1.15 J/em® for silicon and 0.4 J/cm® for gallium phosphate. The
second region was a fast rising reflectivity directly proportional with the laser energy
density, followed by a saturation region. The turning energy density points from rising
regime to the saturation regime were 2.8‘ J/em?, 1.7 J/em?® for both silicon and gallium
phosphate respectively.

There was no observation for any absorption during the femtosecond pulse in
silicon or in gallium phosphate cases. On the other hand, the reflectivity increased twice

the starting value of the samples, which was connected with free carrier generation.
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Auger recombination process is an effective mechanism that prevents reaching high
density generated plasma. Calculating Auger recombination time (ta) for plasma density
in the range of 10! cm™ was straight forward as the recombination coefficient is known
at this density (2.8 x 10 em® 57 for Si, and 10 em® s7 for GaP). Knowing that T, =
(CN2)'l where C is the Auger recombination coefficient and N is the plasma density, one
could calculate To. At N = 102 em?. 14 = 3.5 ps for silicon and 10 ps for gallium
phosphate. Calculation of Auger time at higher plasma densities (N > 10%? cm®) gives
inaccurate values as the reported values for C does not apply [84].

At plasma density > 10%? cm>, the laser pulses tend to have a shallow absorption
depth in the range of few hundred angstroms, and consequently much higher plasma
density could be reached with much longer effective Auger recombination time than low
density case [84].

The previously mentioned experimental observation means two things; firstly,
Auger recombination time was much longer than the laser pulse, secondly, the generated
electron-hole pairs did not move during the pulse width.

The theoretical predictions in Figs 6.1, 6.2 confirmed the obtained experimental
results presented in Figs 6.5 and 6.6 for both silicon and gallium phosphate respectively.
Comparing the theoretical and the experimental data suggested that, the Drude damping
time equal to (0.35 x 10" s) for silicon and (0.27 x 10 s) for gallium phosphate. The
obtained Drude damping time is a good match with the results reported in [74, 78, 84].

The excitation of semiconductor samples, either silicon or gallium phosphate, can
be understood as follows: the laser leading edge of the pulse hits the fresh sample,

creating dense electron-hole plasma in a narrow penetration depth (~ 15 pm for silicon
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and few hundred microns for gallium phosphate see Figs 6.7, 6.8). The generated plasma
exhibits an exponential distribution profile over the absorption depth. With the pulse still
irradiating the material, the absorption depth gets narrower and the plasma density gets
higher until reaching the plasma resonance. At plasma resonance, the real part of the
dielectric constant turns to a negative value and the pulse is absorbed in a narrow
absorption depth of the range of hundreds of angstrom. The plasma density that is
generated grows higher than the plasma resonance, very close to the material surface and
the reflectivity of the material increases as for metals, perhaps twice as much its value for
fresh surface.

Consider that the lattice relaxation occurs through two different relaxation
mechanisms; the first is the collision between plasma carriers themselves, while the
second is due to the collisions between the carriers and the atoms of the lattice. The first
mechanism occurs in the time domain of 10™'® s while the second occurs in the time
domain of 101-107% s depends of the material. The electron-electron collision or hole-
hole collisions in the first relaxation process does not result any damping and conserve
the momentum of the two electrons or the two holes. The damping results from collisions
between the electrons and the holes of the plasma. The electron-hole damping time is
expected to be inversely proportional with the plasma density.

The effective relaxation time could be written as the follows:

1.1 (6.11)

Where 7.5 is the electron-hole relaxation time and 7., is the electron-phonon relaxation

time. For T, =106 s, Ton =107 s the effective relaxation time ~ 107'® s. This is perfectly
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matching with our experimentally obtained results for both silicon and gallium
phosphate.

In another observation regarding the reflectivity results of silicon and gallium
phosphate, it is shown that, higher reflectivity fluctuation was observed in the case of
gallium phosphate than in the case of silicon, particularly in the saturation region. This
fluctuation in the saturation region resulted from the probability of the non-linear
excitation process of the gallium phosphate versus the linear excitation of the silicon
samples. The reflectivity changed by factors of two from the steady region to the
saturation region in both cases of silicon and gallium phosphate. The reflectivity jump
from the steady region to the saturation region in case of silicon and gallium phosphate
were matching with the increase of material reflectivity when its status changed from

solid to liquid state.

6.2 PUMP AND PROBE MEASUREMENTS

The dynamics of induced absorption have been measured by a pump-probe
technique. A gallium phosphate sample of 500 um with an optically polished surface was
used in the experiment. The ratio between the probe and pump beam energies were kept
at 1:50 with pump intensity of 10'" W. Figure 6.9 shows the material response versus the
delay time between pump and probe beams. The obtained curve can be divided into three
designative regions; at the first region, a constant transmission followed by sharp
decrease reaching to the minimum point at delay time equal zero then start to increase
again then saturates at a delay time of about 150 femtosecond. The dots in Fig 6.9

represent the experimental data, while the solid line represents the theoretical response
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of the two-photon absorption.

As it is seen the results of transmission measurements corresponds exactly to
correlation function of pump and probe pulses

T®) ~ [T pump @1 prope (t —7)dt (6.12)
with intensity profile I ~ Io-sech? (1 .8t/t,), 7, pulse duration at FWHM.

This means that the induced absorption results from instant absorption process which in

the experimental conditions (E,/2<h® < E,) is solely two-photon absorption. One

feature can be seen at the tail of the nonlinear response (positive delay time region) which
is the slow decaying absorption. Evidently the absorption of free carriers (electrons and
holes) account for slow response. Therefore, the main conclusion is that the fs-pulse

excitation of GaP is achieved due to two-photon absorption process.

6.3 TWO-PHOTON ABSORPTION MEASUREMENTS

To further identify the absorption process and to determine the its numerical
characteristics, the self-absorption measurements were performed. The experimental
setup is shown in Fig 5.3. The purpose of the experiment was to describe the transmission
dependence of fs-pulse as a function of pulse intensity and to compare the dependence

with that found theoretically:

2(0-R) 7

T =~ 1-R —x? 13
d,) 2l 0j1n(1+[310( ), exp(—x2))dx (6.13)

where, R =0.27 is the reflectivity coefficient dO = 0.5 mm is the sample thickness £ is the

coefficient of two-photon absorption
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Figure 6.10 illustrated the material response in terms of optical transmission
function of laser peak intensities. The material response could be divided into three
stages. The first stage presented constant transmission value, the second was a linear
region and the third represented a deviation of the experimental results from the expected
theoretical calculations. An agreement between experimental and theoretical results in
Fig. 6.10 took place up to a point at which the peak intensity equal to 1GW/ cm®> The
most adequate numerical fit is presented in Fig 6.10 for two-photon absorption
coefficient of f = 0.2 GW/cm* 1t is worth to notice good correspondence between the
value obtained and that found in independent studies [79]. Meanwhile the departure of
the data obtained from theoretical dependence is clearly seen in Fig 6.10. Two reasons
can be assigned to be responsible for the deviation. First, it is self-defocusing of fs-pulse
due to negative contribution of plasma-induced refractive index. Second, it is free carrier

absorption which contribution to induce absorption was neglected in theoretical analysis.

6.4 BEAM SPATIAL PROFILE CHANGE

As the spatial beam profile represented an important factor in the micromachining
process, a set of experiments was performed to clean up the laser beam. The output laser
beam usually experience deformation in its intensity profile due to many reasons. Some
of these reasons are defects in optical elements inside the laser system, dust and particles
in air. This results in scattering, picking up higher modes as well as spatial noise [63].
Suppressing the noise and maintaining smooth beam profile can be done either by
spatially filtering the beam or by modifying the profile to get a step like profile (top hut)

with minimal fluctuations. Figure 6.11 illustrates the intensity cross-section of the laser
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Fig 6.10: Transition of gallium phosphate as a function of peak intensity laser energy density. Single pulse measurements with no
delay time, pulse width = 110 fs, A = 800 nm wavelength. Solid dots are the experimental data, while the solid curve is the
theoretical response as obtained from numerical integration of equation (6.6). The calculation parameters are R =0.27, dy = 0.5

mm.
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(@ (b)

Fig 6.11: Femtosecond laser beam profiles a and b before and after spatial filtering, respectively. The spatial filter consists of
two identical convex lenses of 40 cm focal lens and 100 pm copper pinhole. The beam profile is recorded using a spricon beam
profiler with a Cohu 6415 CCD camera and neutral density filters. Beam diameter at 1/¢* = 8 mm, energy density = 0.22 J/cm?,
A = 400 nm, pulse width = 160 fs, and repetition rate = 1 kHz. The spatial filtering was performed in the atmospheric air

pressure.
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beam before and after being subjected to a spatial filter. A well-defined, clean Gaussian
profile with no hot spots was obtained with a filter of 100 zm pinhole. The technique has
a major drawback as with very fast damage occurring to the pinhole.

An alternative cleaning-up technique was done by subjecting the beam to a 10X
expander, then selecting a homogeneous intensity area as an input beam for
micromachining. The output of expansion cleaning-up technique gave rise to a flattop
profile, as shown in Fig. 6.12. Although the two cleaning-up techniques greatly improved
the beam intensity profile and, consequently, the micromachined samples’ quality, the

laser output power was greatly reduced.

6.5 SINGLE PULSE ABLATION

The single-pulse ablation experiment was performed for two objectives. The first
was to study the surface morphology change after the ablation process, and secondly, was
to investigate the possible formation nano-structure self-assembled material. Figures
6.13-a, b illustrate the optical micrographs of single-pulse ablation of Si and GaP,
respectively, at various laser energy densities. At an energy density 20 times the ablation
threshold, silicon showed exploded molten droplets and wires far from ablation central
spot by tens of microns away from the ablated zone. At this energy density level, detailed
features corresponded with the ablation process, such that laser induced ripples and self-
assembled filaments could not be seen. Decreasing the energy density to about 10 times
the ablation threshold only decreased the kinetic and the amount of the spilled material.
Nevertheless, the above-mentioned ablation-related features could not be seen. However,

long-period ripples by the outer ring of the exposed area were seen at those two laser
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Fig 6.12: Femtosecond laser beam profile after subjected to a 10X beam expander then selecting a top hut profile area using a

diaphragm. The beam profile is recorded using a spricon beam profiler with a Cohu 6415 CCD camera and neutral density

filters. Beam diameter at 1/e* = 8 mm, energy density = 0.22 J/cm?, A = 400 nm, pulse width = 160 fs, repetition rate = 1 kHz.
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Fig 6.13: (a, b) Optical micrographs of single-femtosecond laser pulse ablation of Si and GaP, respectively, at

various laser energy densities.
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energy densities. In case of silicon sample, solidified ejected material was observed with
sizes ranged from few tens of nanometers up to few tens of micrometers. In the case of
the gallium phosphate, the molten material was confined inside the ablation zone. No
resolidified ejected material was observed in this case. Very clear concentric contours
were observed around the center of the ablation area. The observed counters drew well-
defined boundaries for ablation, crystallization, and oxidation processes.

The exploded material observed at laser energy density of about 4.2 J/cm’ in case of
silicon suggested that the surface layer was saturated with the incoming photons then
overheated and then a sequence of phase explosion, normal boiling including
inhomogeneous nucleation of bubbles took place in the remaining melted layer. The
picture is not far away in the case of gallium phosphate, however, the sharp ablation
threshold associated with the nonlinear process seams to put clear boundaries between the

different physical processes, which occur simultaneously in the concentric area of the

focus spot.

6.6 NANOSCALE SELF-ASSEMBLED SURFACE STRUCTURES OF SILICON
Large varieties of ordered structures are reliably exhibited at different
wavelengths and pulse durations from CW to femtoseconds. According to their shape and
dimensions, these structures can be roughly divided into three groups. The first group of
structures (ripples) results from the interference between the incident radiation and the
wave scattered by the surface. The period and orientation of the reciprocal grating vector
relative to the light polarization corresponds well to the interference character of the

excitation field [85-88]. The second group (2-D cellular structures with 5-15 um
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diameters) was found in [89], which seems to occur due to the instability of capillary
waves as a result of thermal-capillary effects in a laser-melted film [90]. Same type of
ripples was observed in our case shown in Fig. 6.14-a. Finally, the third group, first
obtained in [91] using single picosecond pulse excitation of silicon, is comprised of a
structure consisting of a large number of partly intertwined filaments with diameters of
approximately 120 nm. Recently these results [91] were reproduced on dielectric BaF,
using multi-shot femtosecond excitation [92]. The distinguished feature of these
structures is that they do not obey theoretical predictions in parts concerning the period of
structures, the shape of ordering, and structure orientation relative to electromagnetic
vector of laser pulse. The mechanism causing formation of nano-scale filament structures
is still far from being understood and the phenomenon requires further experimental
study. That calls the necessity of thorough experimental studies of the phenomenon
described. In this Dissertation, detailed description was given for an ordered filament
structure obtained by irradiating a silicon surface with a single femtosecond pulse. It is
also found that the resulting 200 nm filament structure contains a substructure with
periods as small as 60 nm.

The experiment was conducted with utilization of femtosecond laser system with
specification previously described in chapter 5 along with a mode-locked YAG:Nd*
oscillator with an amplifier that provided a 27 ps laser pulse with energy of 7 mJ at a_
wavelength of 1060 nm. The resulting images are shown in Fig. 6.14 and were obtained
using an energy range of approximately from 2.5 to 3.5 J/cm’. Outside of this energy
range, no filament structures were observed.

A number of salient features in the nano-scale filament structure are clearly seen
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(a) (b) ) (d)

Fig 6.14: AFM micrograph (a) of a single shot ablation on silicon. Energy density = 0.75 J/cm?. The large ripples have
periods along the perpendicular to the laser polarization orientation. The AFM (b, ¢) and SEM (d) are images of silicon
filament structures. Filament in (b, and c) under exposure condition: single pulse, pulse width = 110 fs, A = 800 nm,
energy density ~ 3 J/cm?. The arrow in (c) shows the direction to ablation zone center. Filaments in (d) obtained under

exposure condition: single pulse, pulse width = 27 ps, A = 1064 nm, energy density 3 J/cm®. Filaments widths obtained in

(b, c) are ~A/8; while in (d) are ~ A/10.
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in Fig. 6.14. Four key observations were made.

1) The filament structure is localized to an area surrounding the ablation zone. The
filaments are predominantly oriented along the circumference. It was found that filament
diameters became smaller the further they were from the center of ablation zone. The
average ratio between the wavelengths applied (0.8 and 1.06 um) and the filament
diameter was found to be 1: (4 or 8).

2) No dependence was found between filament orientation and the polarization state of
the irradiance (linear/circular).

3) The intertwinement of the separate filaments can be seen in Fig. 6.14 b, ¢, d where
filaments can be seen both entering and exiting the structure.

4) An ultrafine surface substructure with a period and amplitude of 60 nm and 10 nm,
respectively, was observed between the filaments. The scanned surface profile (height as
a function of spatial coordinate) of the substructure received along the line between two
filaments is shown in Fig. 6.15.

It should be noted that the mechanism for the creation of ripple and the
mechanism for the creation of filament structures seem to be quite different. The ripple
structure results from spatial periodical modulation of the pump field due to interference
between the incident and scattered waves [88]. Under these circumstances, the
interference pattern is directly printed on the surface of the solid. The filament structure
in Fig. 6.14 can not be explained by interference phenomenon because both the period
(Iess than the wavelength by a factor 4 (for A = 800 nm) or 8 (for A = 1060 nm)) and the
orientation (mostly along the circumference of the ablated area) contradict what would be

expected from interference theory. To a certain extent, one can apply the theory of
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Fig 6.15: The profile of the substructure in fig 6.10-c. Data was plotted using micro lab origin software after being transferred

from AFM associated data file. The line scan is along the interconnection between the filaments.
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capillary wave instability that results from positive feedback between capillary waves and
the pump field [93]. This theory holds that excitation with positive feedback can result in
a continuum of dominant structures with wave vectors g, which satisfy the inequality

ky<<g<kym or A/m<d << A (where kg is a light wave vector, g is a wave vector of

the periodical structure, m is the extinction coefficient, and A is the laser wavelength).
Using optical constants for liquid siliconn=4,m=6 (A=800nm)andn=5,m=7 (A=
1060 nm) [94], one can find the lower limit of the continuum of dominant filament
structures, which is equal to 133 and 151 nm, respectively. The values that result
correspond reasonably with the experimental data (200 and 120 nm). The theory of
instability [93] is based on the interaction of the light field with capillary waves of the
melted phase of a solid. This means that melting has to take place within the duration of
the exciting laser pulse. It first appears that there is no possibility for melting during a
120 fs laser pulse since experiments [74] have found that a delay time of about 700 fs is
necessary for melting to occur at a fluence of 0.4 J/cm®. On the other hand, ultrafast
lattice rearrangements that occur at.the semiconductor to metal phase transition in VO,
were found to be as fast as 75 fs [95]. Assuming that the delay time shown in [74]
depends on the fluence, one can theorize that at fluence ten times more than the melting
threshold, melting can take place at least near the end of a 120 fs exciting laser pulse. If
so, capillary wave instability may, in part, explain the results of our experiments. In
addition to capillary wave instability, another possible mechanism that may be present
during the interaction is spatial perturbation in the high density electron-hole plasma
where concentrations can reach 10*! cm™ during femtosecond excitation. As for the

ultrafine 60 nm periodical substructure seen in Fig. 6.14 -c, we have been unable to
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determine the mechanism responsible for the creation of such a substructure when
irradiated with single femtosecond pulse excitation. At the present time, it is still
unknown if there is an interconnection between filament structure (200 nm) and
substructure (60 nm). Further study is required to clarify the processes involved in
femtosecond laser ablation of semiconductors. The fine structure had periods of about 60
nm. The nano-tube’s self-assembled structure, along with the small periods of fine
structure, are shown in Fig. 6.14-b and c. The self-assembled nano-structure was also
observed with a picosecond laser pulse, as shown in Figs. 6.14-d. and 6.15 shows the
spatial distribution of the nanometer’s fine structure. The structures illustrated in Fig.
6.14-b and ¢ were only observed with the silicon target and showed no evidence of their

existence in the case of gallium phosphate target.

6.7 MULTIPLE PULSES ABLATION

An experiment was performed to investigate the effect of the multiple-pulse
exposure using a cylindrical lens at an energy density about three times the ablation
threshold. Figures 6.16 and 6.17 illustrated ESM photographs of silicon and gallium
phosphate targets, respectively, after being irradiated with a variable number of pulses
ranging between 2 and 1000 pulses. For the silicon case, the first photograph showed an
ablated surface with a resolidified molten material attached to it. Not much change was
observed in the ablated area by increasing the number of pulses up to 100 pulses with the
exception that the ablated area was getting wider. Starting from 200 pulses and up, a
well-organized periodical structure with a period less than 10 gm was observed and

pronounced the increase of the number of pulses. The periodical structure consisted of
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Fig 6.16: SEM images of fresh, optically polished, silicon surfaces exposed to various number of
laser pulses. Laser pulses of 0.7 J/cm?, 800 nm, 110 fs were focused on the sample surface with a
100 mm cylindrical. The numbers of pulses were controlled using fast electro-mechanical shutter

along with the built in laser repetition rate controller.
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Fig 6.17: SEM images of fresh, optically polished, gallium phosphate surfaces exposed to various number of laser pulses. Laser
pulses of 0.7 J/em?, 800 nm, 110 fs were focused on the sample surface with a 100 mm cylindrical. The numbers of pulses were

controlled using fast electro-mechanical shutter along with the built in laser repetition rate controller.
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ablated spots in the bottom of the irradiated area. The ablated spots started with sizes of a
few tens of nanometers, reaching to few micrometers with the increase of the number of
pulses. A similar response of gallium phosphate was obtained, except that the periodical
structure appeared within certain window irradiating pulses (200-400) and then
disappeared. The structures were more defined with accurate periods in the case of galli-
um phosphate than in the case of silicon. The sharp ablation threshold of the non-linear
process in the case of gallium phosphate is assigned responsible for the cleaner structure
obtained, however, the theory of formation of such well-organized pattern still unknown

and needs more experimental investigation order to be fully characterized.

6.8 SILICON MICROMACHINING
6.8.1 EFFECT OF LASER MICROMACHINING POWER

Micromachined line width as a function of laser power was also studied. The
sample surface was irradiated with different laser powers. Figure 6.18 shows the variation
of line width as a function of laser power. The result could be considered in two regions.
The first region was from ~ 0.18 J/em® to 0.4 J/cm® energy densities with a
micromachined line width ranging from 500 nm to ~ 4 um. The second region was from
0.2 to 0.4 J/cm® to 2 J/cm®. As shown in Fig. 6.18, in the first region of the curve,
micromachining occurred only at the center of the focus spot where the energy density
slightly exceeded the material's ablation threshold. This explains why line width
increased rapidly with respect to laser power. In the second region of the curve, the
corresponding line width increased less rapidly with respect to laser power than what

occurred in the first region. This is because within this power range, the micromachined
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Fig 6.18: Ablated line width of optically polished silicon surface as a function of the laser energy density. The solid squares are

the experimental data while the solid line is sigmodial fit. The laser was focused with an objective lens of 0.65 numerical
aperture, while the sample was moved at 100 pm/sec using a stage of 1 pm accuracy and 10nm resolution. A=400 nm, repetition

rate = 1 kHz. The line widths were measured with 500 X optical microscope.
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area approached the size of the focus spot. Operating at the material’s ablation threshold
value appeared to produce the smallest line width; however, discontinuous lines may
have resulted from fluctuations in laser power. An experimental solution would be to
work with powers slightly above the ablation threshold (i.e., in the range of 0.18 - 0.3

J/cm2) to ensure continuous submicron line widths.

6.8.2 EFFECT OF GAS ENVIRONMENT ON MACHINING QUALITY

Two identical samples were micromachined: one in air at atmospheric pressure
and the other in flowing helium gas at a pressure of 20 Torr in a chamber. At low laser
power (< 500 nJ), the surface quality did not improve when micromachined under helium
assist gas (see Fig. 6.19).

Chen et. al. [65] reported an improvement in machining quality when a shield gas
was introduced to the experiment. However, their machining experiment was done under
encrgy density of several Jem® It is expected that by using shield gas in the
micromachining application, material oxidation should go down, cooling rate should go
up, and the plasma formation along with air breakdown should be minimized. However,
in a power regime less than 2J/cm? no significant difference between machining samples
in atmospheric air pressure and pressured noble gas such as He. The reason is that for
high power laser pulses, the incident energy is enough to create air breakdown that plays

a major role in distort the pulse spatial profile.

6.8.3 EFFECT OF POLARIZATION

Laser pulses of 130 nJ were used to micromachine two sets of identical samples at
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(a) (b)

Fig. 6.19: An optical microscope photograph of micromachined samples (a) in air at atmospheric pressure and (b) under 20 torr

of He as an assist gas. Micromachining parameters: A = 400 nm, pulse width = 160 fs, energy density = 0.22 J/cm?, repetition

rate = 1 kHz, and scan speed = 100 pm/sec.
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the same focus position at a calculated spot size of 0.75 um (Spot size = 1.22 A /NA

where A is the wave length and NA is the numerical aperture). The first set was
micromachined with a laser beam polarization parallel to the sample scan direction while
the other sample was micromachined with a laser beam of polarization orientation
perpendicular to the sample scan direction. Samples micromachined with a parallel
polarization direction had lines 700 nm wide and 600 nm deep, while samples micromac-
hined with a perpendicular polarization direction had lines 1.5um wide and 130 nm deep.
Parallel polarization machined samples produced smooth lines with minimal recast layers
on the edges while the perpendicular polarization machined samples gave shallow,
irregular floors, as shown in Fig. 6.20 and 6.21.

The optical diffraction efficiency for the 1-D micromachined samples was
measured. The parallel polarization micromachined samples had 15% higher efficiency
when tested with perpendicular laser polarization to the structure lines than that when
tested with parallel laser polarization. No significant difference in diffraction efficiency
of the perpendicular polarization machined samples as a function of incident He-Ne laser
polarization orientation was observed.

The difference in the ablated line width was due to the variation in optical
absorption between the two polarization orientations. The absorption was higher for the
parallel polarization direction, twice as much than for the perpendicular direction [13].
Paralle] polarization produced smoother, deeper ablated lines (0.7 ,um wide and 600 nm
deep), while perpendicular polarization resulted in higher reflection over the edges,

producing lines that were shallower and wider (1.5 zm wide and 200 nm deep). At a 1

kHz laser frequency, 100 pum /sec scan speed and a calculated focus spot size of 0.75 pm,
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Fig 6.20: AFM photograph of 700 nm wide and 600 nm deep micromachined lines. . Laser polarization orientation was parallel
to the laser scan direction. A = 400 nm, pulse width = 160 fs, energy density = 0.22 J/cm®, repetition rate = 1 kHz, scan speed =

100 pm/sec.
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Fig. 6.21: AFM photograph of 1.5 gm wide x 200 nm deep micromachined lines. Laser polarization orientation was perpendicular
to the laser scan direction. A = 400 nm, pulse width = 160 fs, energy density = 0.22 J/cm?, repetition rate = 1 kHz, scan speed 100

pum/sec.
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about 8 pulses were needed in order to have a complete overlapping over the focus spot
area. The first pulse ablated a thin surface layer in the order of a few nanometers for
perpendicular polarization to few tens of nanometers for parallel polarization. In the case
of the perpendicular polarizations, the proceeding pulses impended on the morphology
changes of the surface without a longer perpendiculaf incident angle. This decreased the
light coupling and increased the reflection over the edges. The increase in the reflection
resulted in a widening of the ablated lines. On the other hand, with a parallel polarization

pulse train, a flat ablated floor existed, keeping the incident angle at normal incident.

6.8.4 1-D AND 2-D PERIODICAL STRUCTURE FABRICATION

Using an optimal focus position and 0.26 J/cm® energy density, two sets of
samples with lines parallel and perpendicular to the incident polarization orientation were
micromachined. A 1-D periodical structure was micromachined with a period of 5 pm.
A 2-D periodical structure was produced by micromachining the sample in one direction
and then again in the perpendicular direction. We examined the 2-D pattern structure
using AFM and results are shown in Fig. 6.22. The diffraction characteristics were
examined using a linearly polarized 632 nm He-Ne laser. For 1-D periodical structures,
the parallel polarization direction-micromachined sample produced a 1-D diffraction
pattern, while the perpendicular polarization-micromachined sample produced a 2-D
diffraction pattern of discreet orders. The diffraction pattern obtained in all

micromachined samples satisfied the following equation:

2 2
6 =tan™'| A m " (6.14)
- I: \/df -m?)? dl-n* A’
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Fig. 6.22: AFM photograph of a micromachined 2-D Micromachined periodical structure. A = 400 nm, pulse width = 160 fs,
energy density = 0.22 J/cm?, repletion rate = 1 kHz, scan speed = 100 pm/sec. Sample was first scanned in one direction
(parallel to the incident polarization orientation), then scanned in the perpendicular direction (perpendicular to the incident

polarization).
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where A is the He-Ne wavelength, 8, is the diffraction angle, m and n are the diffraction
orders, (m, n =0, #1, +2, 3, ...) and d; and d, are the periods of the structure. The
equation was satisfied for diffraction pattern formation of the 2-D periodical structure
and, with d, =0 and n = 0, was also satisfied for 1-D periodical structures.

Figures 6.23 through 6.25 show the observed diffraction patterns for 1-D

(Polarization parallel and perpendicular to scan direction) and 2-D micromachined

samples.

6.8.5 EFFECT OF LASER POWER ON OBSERVED DIFFRACTION PATTERN

At a laser energy density that ranged from 0.22 J/cm®

to 1.2 Jem?, we
micromachined periodical structures with periods of 5 pum. The laser polarization
orientation was perpendicular to scan direction. The relationship between the laser power
used for micromachining and the intensity of the observed 2-D diffraction pattern was
studied. Figure 6.26 presented diffraction patterns of micromachined samples at different
laser powers after etching with HF for 1 minute to remove re-solidified molten material.
2-D diffraction patterns from the samples micromachined with a laser energy density
between 0.22 J/cm® and 0.6 J/cm® for polarization perpendicular to scan direction were
observed. At 1.2 J/cm?, the 2D patterns disappear and only 1D diffraction patterns are
visible.

AFM micrograph of 2D machined sample showed a superimposed grating vertical
to the machined lines, as illustrated in Fig. 6.27-a and b. The period of the superimposed

grating was in the order of 5 ton. AFM micrograph showed a smoothed machined line

floor at energy density higher than 3 times of the ablation threshold (see Fig. 6.28).
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Fig. 6.23: Diffraction pattern obtained from a 5um periodical structure machined in a parallel direction to the laser
polarization. The sample was micromachined at same micromachining parameters of the sample illustrated in Fig 6.20. The

diffraction characteristics were tested using a linearly polarized He-Ne laser of 1 mW @632 nm.
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Fig. 6.24: Diffraction pattern obtained from a Spum periodical structure machined in a perpendicular direction to the laser
polarization orientation. The sample was micromachined at same micromachining parameters of the sample that illustrated in

Fig 6.21. The diffraction characteristics were tested using a linearly polarized He-Ne laser of 1 mW @632 nm.
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Fig 6.25: Diffraction pattern obtained from a 2D 5x5 pm periodical structure. The sample was micromachined at same
micromachining parameters of the sample that illustrated in Fig 6.22. The diffraction characteristics were tested using a linearly

polarized He-Ne laser of 1 mW @632 nm.
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Fig. 6.26: Effect of laser power on the diffraction properties of the micromachined grating. The micromachining direction was

perpendicular to the laser polarization orientation. Laser machining energy densities were a) 0.3 b) 0.44 c) 0.6 and d) 1.2 Jem? A =
400 nm, repetition rate = 1 kHz, scan speed = 100 um/sec. The diffraction characteristics were tested using a linearly polarized He-

Ne laser of 1 mW @ 632 nm.
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Fig. 6.27: a, b are low and high magnification AFM photographs of 1-D micromachined silicon sample under the following
micromachining parameters: perpendicular laser scan direction to the incident laser polarization orientation, A = 400 nm, energy

density = 0.3 J/em?, repetition rate = 1 kHz, scan speed = 100 pm/sec (The sample presented in fig 6.27-a). The graphs show two

super-imposed gratings in the order of 5 pm.
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Fig. 6.28: AFM photographs of a smoothed machined grating bottom as a result of increasing the laser energy density to 1 J/em?,

A = 400 nm, repetition rate = 1 kHz, and scan speed = 100 pm/sec. Laser scan direction was perpendicular to the laser

polarization orientation.
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The 2-D diffraction patterns were a result of secondary superimposed periodical ripples
having period along the polarization direction. During parallel writing direction, these
ripples were smoothed out, but in perpendicular direction, they remained and gave rise to
2-D diffraction patterns. These ripples had large periods (3-5 u#m in our case) and were
perpendicular to the small periodical that had been reported in past literature.

Figure. 6.14-a shows, the formation of small and large ripples on the silicon
surface when polarization direction was from bottom to top. These ripples were obtained
as a result of single-pulse exposure using laser energy density ~ 0.75 J/cm?, however, for
consecutive pulses, increasing the laser energy density beyond 0.6 J/cm® smoothed the

floor of the machined lines and consequently the 2-D diffraction patterns disappeared.

6.8.6 EFFECT OF MICROMACHINING SCHEME ON DIFFRACTION
PROPERTIES

Two sets of samples were micromachined with polarization parallel to scan
direction and the laser energy density of 0.26 J/cm®. Two different scanning schemes
were used and the samples were optically characterized. Figure 6.29 shows the scanning
schemes and the corresponding diffraction patterns. The scanning of the sample in one
direction produced a diffraction pattern that satisfied the 1-D grating equation. Scanning
of the sample in alternative direction produced extra diffraction orders with lower

intensities between the original diffraction orders.
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Fig. 6.29: Micromachining schemes and the corresponding diffraction pattern.
(@) Laser scanning along one direction. ®) Laser scanning with alternate direction.

A =400 nm, energy density = 0.22 J/em?, repetition rate = 1 kHz, scan speed = 100 um/sec. Diffraction characteristics are tested

using a linearly polarized He-Ne laser of 1 mW @ 632 nm.
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CHAPTER 7

CONCLUSIONS

The presented work in this Dissertation contributes to the field of femtosecond
laser interaction with semiconductors in general and to the field of laser micromachining
of micro-electro-mechanical systems in particular. The understanding of the basic laser
interaction process in single and multi-pulse modes would benefit the general
understanding of ultrashort pulse laser interaction with semiconductors. That
understanding would also help in achieving the best utilization of the unique
characteristics of the femtosecond. New nano-scale features were observed for the first
time with single-pulse ablations of silicon. Self-organized periodical structures with
periods ranging from a few nano- to micron-sized periods were observed for the first time
with the multiple-pulse exposure.

The two indirect materials that were selected to conduct the investigations in this
Dissertation represented two excitation modes: namely, single and two-photon excitation.
The interactions of single-pulse lasers with silicon and gallium phosphate were studied
using a novel self-imaging technique. The material properties were studied during and
after the interaction. The two-photon absorption process was investigated and the
coefficient of absorption was determined. The temporal development of the interaction
process was studied by applying a classical pump and probe technique. The obtained
information from the previously mentioned experiments was utilized while running more
detailed process characterizations experiments for MEMS fabrication. The material

statuses during the interaction of single-pulse interaction with silicon and gallium
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phosphate were investigated. The observed increase of the reflectivity in both cases could
be assigned to the high electronic excitation of the materials. This high-density electron-
hole pair generation might contribute to the destabilization of the material covalent bonds
and consequently to structural change of the material. The results confirmed the
previously reported structural instability during the interaction of single femtosecond
pulse with semiconductors. However, the presented results in this Dissertation dealt with
a much higher energy density regime [24, 29, 32]. The fitting of the experimental results
defined Drude damping time to be in the order of 0.35 fs for Si and 0.27 fs for GaP.

The sharp ablation threshold of the non-linear process in case of gallium
phosphate makes it a good candidate for practical applications such as femtosecond direct
intensity detectors.

The two-photon absorption coefficient was determined from the numerical fitting
of Fig. 6.5. The used optical arrangement provided a higher signal to naise ratio of the
recorded data in addition to the sharp femtosecond ablation threshold. It was therefore
possible to clear the doubt about the exact value of 3 [78].

Pump and probe measurements showed the temporal behavior of the two-photon
absorption process. The probe pulse measured no changes in the optical properties of the
material when the pump pulse was in the early energy deposition stages. When time
passed and the pump pulse started depositing a considerable amount of energy, the non-
linear process took place and absorption increased. The maximum absorption took place
at the highest pulse energy. The pulse energy started to decrease after reaching the

maximum point and the probability of the non-linear process became lower. The surface
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plasma took place after ending the pulse. The free carriers’ absorption was assigned to be
responsible for the difference in the transmission values before and after the laser pulse.

The beam profile clean up had a big impact on the quality, accuracy, and
repeatability of the micromachining process. The disadvantage of the process was the big
loss in laser power due to the pinhole filtering in the first case and a small area selection
in the second case. It is very reasonable for future work to investigate a filtering
technique with a cooling system. This would help in extending the pinhole’s lifetime. The
other issue with the laser pulses was the contrast. The contrast of the laser pulses
increased to 1:1000 after doubling the laser beam.

Self-assembled 200 nm filament structures were observed in experiments on
picosecond and femtosecond single pulse ablation of silicon. For femtosecond pulse
durations, a 60 nm periodical substructure was found in addition to a filament structure. It
is shown that capillary wave instability resulting from positive feedback could explain, in
part, the main features of the filament structure. The mechanism that creates the fine
subsFructure is unknown at this time.

A multiple-pulse ablation process was investigated to serve in understanding the
nature of the micromachining process. The use of 100 mm cylindrical lens in this
experiment was initially to confirm the results obtained with the laser scanning
experiment with high-pulse overlapping (~85%). Second, the experiment enabled a large
exposure area that could easily show the formed structure in a long-range order (few
millimeters). A well-organized periodical structure was observed as a function of the
number of pulses in cases of silicon and gallium phosphate. The periodical structure

started at a threshold number of pulses (200 pulses in our case). In the case of the silicon,
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the periodical structure could still seen up to 1000 pulses, while it disappeared in the case
of the gallium phosphate after 400 pulses. Due to the dissimilar excitation mechanism in
silicon (one-photon) than in gallium phosphate (two-photon), the structural formation
with the latter had a sharper threshold and was consequently cleaner and more sensitive
to the incident number of pulses. It also exhibited more precise periods in the order of S
pm. The periods were getting smaller with the increase of the number of shots. The
theory behind this structural formation is still unknown and needs more experimental
work in order to be fully characterized.

The micromachining parameters were optimized for 0.7 and 1.5 um wide lines
using polarization orientations that were parallel and perpendicular to the laser scanning
direction. Operating slightly above the ablation threshold allowed us to control line width
and to increase resolution.

Running the experiment at low power in a He gas environment did not improve
the micromachining quality but gave results similar to that obtained in an air
environment. Operating at low laser energy density < 2J/ cm’ minimized the plasma
formation in air and the corresponding damage to the sample surface. This finding does
not contradict with the reported improvement of the machining quality in [65] as a result
of machining under He gas environment because their experiment was performed at
much higher laser power.

The ablated line width and quality of the periodical structure was found to be a
function of laser polarization orientation with respect to laser scanning direction. The
difference in the ablated line width was due to the variation in optical absorption between

the two polarization orientations. The absorption was higher for the parallel polarization
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direction twice as much than for the perpendicular direction [13]. Parallel polarization
produced smoother, deeper ablated lines (0.7 gm wide and 600 nm deep), while
perpendicular polarization resulted in higher reflection over the edges, producing lines
that were shallower and wider (1.5 am wide and 200 nm deep). At a 1 kHz laser

frequency, 100 um /sec scan speed and a calculated focus spot size of 0.75 pm, about 8
pulses were needed in order to have a complete overlapping over the focus spot area. The
first pulse ablated a thin surface layer in the order of a few nanometers for perpendicular
polarization to few tens of nanometers for parallel polarization. In the case of the
perpendicular polarizations, the proceeding pulses impended on the morphology changes
of the surface without a longer perpendicular incident angle. This decreased the light
coupling and increased the reflection over the edges. The increase in the reflection
resulted in a widening of the ablated lines. On the other hand, with a parallel polarization
pulse train, a flat ablated floor existed, keeping the incident angle at normal incident.

The diffraction patterns of 1-D and 2-D micromachined samples were found to be
functions of the micromachining laser energy density and polarization orientations. 1-D
diffraction patterns were obtained from parallel-machined samples, while 2-D diffraction
patterns were obtained from a perpendicular machined sample at laser energy density <
0.6 J/cm®. The 2-D diffraction patterns were a result of secondary periodical ripples
having period along the polarization direction. During parallel writing direction, these
ripples were smoothed out, but in perpendicular direction, they remained and gave rise to
2-D diffraction patterns. These ripples had large periods (3-5 zm in our case) and were
perpendicular to the small periodical that had been reported in past literature. As Fig.

6.10-a shows, the formation of small and large ripples on the silicon surface when
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polarization direction was from bottom to top. These ripples were obtained as a result of
single-pulse exposure using laser energy density ~ 0.75 Hem®

For consecutive pulses, increasing the laser energy density beyond 0.6 J/em?®
smoothed the floor of the machined lines and consequently the 2-D diffraction patterns
disappeared.

Different scanning schemes yielded different diffraction patterns. Scanning in
only one direction produced periodical structures of identical engraved lines and a typical
1-D diffraction pattern was observed. The laser beam was affecting the material as a
vector function that depended on the scanning direction. The alternative scan scheme

produced two micromachined periodical structures with associated diffraction pattern of

alternating intensities.
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