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1 Introduction

Abstract. Following advances in ultrafast laser technology as a reliable
tool for material probing and processing, we discuss various options for
control and optimization. The possibility to tailor the temporal shape of
ultrashort laser pulses enables extended opportunities for material pro-
cessing. The concept of optimizing laser interactions is based on the
possibility to regulate the energy delivery so that control of laser-induced
phenomena can be achieved and quality structures can be realized. An
experimental demonstration of the possibility to design excitation se-
quences tailored with respect to the material response is described, lay-
ing the groundwork for adaptive optimization in materials structuring. We
show that under particular irradiation conditions involving modulated ex-
citation, the energy flow can be controlled and the material response can
be guided to improve processing results. This is particularly important for
processing brittle materials. Further examples are given to illuminate the
possibility to optimize the kinetic properties of ions emitted from laser-
irradiated semiconductors, using excitation sequences synchronized
with the solid-to-liquid transformation time. Versatile sub-kilo-electron-
volt ion beams are obtained, exploiting transitions to supercritical fluid
states with minimal energetic expenses. Temporally selective irradiation
can thus open up efficient thermodynamic paths, unfolding interesting
perspectives for “intelligent,” feedback-assisted processing of materials.
© 2005 Society of Photo-Optical Instrumentation Engineers. [DOIl: 10.1117/1.1915467]
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interaction between light and matter. The capability to tai-
lor ultrashort laser pulses to desired temporal shapes ex-

Advances in ultrafast pulsed laser technologies have made
it possible to investigate physical processes on the shortest
time scale and to structure materials with optical
resolution.' > The potential of ultrashort laser pulses for
material processing is based primarily on the possibility to
localize energy deposition and to reduce residual damage
by minimizing thermal artefacts.'® Thus, important de-
mands for miniaturization and integration in micro- and
nanofabrication techniques can be achieved. As mentioned,
the enhanced capabilities for reduced-scale processing rely
on strong nonlinear, nonthermally driven interactions, re-
duced heat effects, and, more recently, the unique possibil-
ity of pulse-adaptive manipulation.'® The technological de-
velopment of rapid optical modulation devices'' and the
implementation of robust adaptive numerical procedures
for optimization of predefined experimental outputs have
enabled the generation of complex electromagnetic wave-
forms in the IR and visible spectral ranges and have pro-
vided an efficient instrument to control and manipulate the
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ploits the large spectral bandwidth of the laser pulse and the
possibility to have complete control over the spectral char-
acteristics of the electrical field. Temporal pulse shaping by
complex Fourier synthesis of spectral components is an ef-
fective technique able to control and optimize optical tran-
sitions in a variety of physical and chemical systems using
coherent light, and to route particular processes in prespeci-
fied directions. Optimal control experiments have ad-
dressed several types of physical situations, including se-
lective breaking of chemical bonds, manipulation of
electron transfer in biological complexes, design of particu-
lar molecular vibrations, enhancement of radiative high
harmonics, or creation of ultrafast semiconductor
switches.'>™!? Particularly for complicated systems, when-
ever the optimal optical waveform to assist a specific tran-
sition is not straightforward, adaptive optimization proce-
dures may deliver the most effective way to drive the
systems in prespecified states. The extreme irradiation con-
ditions created by ultrashort laser pulses have also enabled
generating previously unexplored properties of materials
around thermodynamical critical points. Ultrafast laser-
driven phase transitions and exotic metastable states are
some of the observations that point toward the potential of
obtaining singular laser machining technologies suitable for
a broad range of applications. These novel techniques are
conceived to generate new matter properties and phases
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based on synergies with the material intrinsic response,
thus unfolding new perspectives for “‘intelligent,”
feedback-assisted processing of materials.

Therefore, in addition to the substantial scientific inter-
est, the concept of adaptive optimization has significant
practical implications, stimulating new ideas and potential
in advanced laser material processing. The potential spec-
trum of applications ranges from quality structuring of ma-
terials for increased functionality to integration in analyti-
cal methods sensitive to particle emission or to controlling
ion beams for implantation purposes. To improve process-
ing results, the efforts followed two main technological
paths: materials with engineered characteristics for optimal
intrinsic energy coupling (e.g., photosensitivity enhance-
ment) and laser radiation tailored with respect to the tran-
sient material properties. In the latter case, while the laser
energy delivery rate will be adaptively adjusted to the best
coupling conditions, the materials themselves will play an
active role in the structuring process.

In the specific aspect of improving and controlling the
characteristics (flux, energy, angular distribution) of the ion
beams induced by laser ablation for micro- and optoelec-
tronic applications (e.g., quantum dot formation at the
Si/SiO, interface using shallow implantation), temporal
pulse shaping is particularly promising, with the potential
to compensate the current deficit in the properties of the
sub-kilo-electron-volt high-flux ion beams delivered by
presently available commercial techniques. Therefore, we
propose a procedure based on evolutionary algorithms us-
ing phase modulation and, subsequently, temporal pulse tai-
loring as a functional degree of freedom to improve the
kinetic characteristics of a Si ion beam emitted from laser-
irradiated silicon targets at moderate fluences.”® We demon-
strate that by optimizing the energy delivery rate impinging
on the silicon target we can take advantage of a succession
of phase transformations, drive the system in specific ther-
modynamic states, and obtain controllable low-kinetic-
energy and high-flux ion beams for practical purposes,
among them ion implantation. The various characteristics
of the ion beams such as kinetic energy, ionization degree,
and directionality can influence ion implantation results
since they can affect the penetration profiles of the impuri-
ties. Essentially, in optimization experiments the measured
output is fed back into an iterative learning loop until a
particular excitation sequence properly adapted to the ex-
perimental conditions is determined, without any initial in-
formation on the physical parameters. Since no prior
knowledge of the physical aspects of the problem is re-
quired, evolutionary algorithms can be applied to find op-
timal solutions for a wide class of problems, from coherent
control of electronic and nuclear degrees of freedom in
complex physical, chemical, and biological systems to pro-
cess optimization in practical applications. Moreover, as
anticipated before, a demonstration of designing material-
removal characteristics from laser-irradiated materials is
appealing for a broader range of scientific and technologi-
cal applications. We will address in this review aspects of
recent experimental progress concerning material behavior
under modulated laser excitation with relevance to laser
ablation and application fields.
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2 Experiment

For most of the experiments, unless otherwise mentioned,
dielectric [fused silica (a-SiO,), sapphire (Al,03)] and
semiconductor (Si) samples were irradiated under vacuum
conditions (10~° mbar) with 170-fs pulses from an 800-nm
Ti:sapphire oscillator-amplifier laser system delivering 0.6
mJ energy per pulse at a nominal repetition rate of 100 Hz.
The laser system incorporates a closed-loop programmable
pulse-shaping apparatus and additional ion detection de-
vices. For ion recording, the p-polarized laser beam was
focused onto the sample surface at 24 deg incidence down
to a spot of approximately 950 wm?. An electromechanical
shutter was used to control the irradiation dose, scaling the
repetition rate down to 1 Hz, and releasing a controllable
number of pulses. The energy in the laser pulse was varied
using neutral filters and a half-wave plate in combination
with a thin film polarizer.

Temporal pulse tailoring'' was realized by dynamically
altering the spectral phase of an incident bandwidth-limited
laser pulse, which is spatially dispersed and reformed in a
zero-dispersion unit that includes a 640-pixel liquid crystal
(LC) modulator (Jenoptik) in the Fourier plane. The use of
LC modulators in spatially dispersed beams enables phase/
amplitude modulation (by controlled retardation and attenu-
ation at each pixel position in the frequency space), intro-
ducing different optical paths to the spatially separated
spectral components and, in turn, tailoring the pulses to the
desired temporal shapes. Our setup was used in the phase-
only modulation scheme, thus keeping constant the energy
in the pulse, which was then delivered at different rates.
The optical modulator was inserted after the oscillator, the
amplifier being seeded with the phase-modulated beam.
Therefore, small energy variations determined by the spec-
tral phase modulation are minimized and the beam is regen-
erated spatially and energetically. The temporal profile of
the modulated sequence was measured by second-order
cross-correlation with a nonmodulated pulse deflected from
the oscillator prior to phase modulation and seeded in the
amplifier 500 ps after the modulated pulse.

Positively charged ions were detected by a linear
time—of—ﬂight:"22 (TOF) mass spectrometer in a Wiley-
McLaren configuration, with the detection axis normal to
the sample surface. The emitted ions were allowed to drift
for 65 mm in a field-free region, then extracted into the
mass spectrometer with a pulsed electric field from a re-
stricted region of 9 mm, and detected with a microsphere
plate (MSP) situated at a distance of 289 mm from the
target. The pulsed voltage applied on the extraction grids at
different delay times with respect to the laser pulse enables
the construction of the mass-resolved velocity distribution
at the position of the extraction region. The variable
extraction-field delay samples the expanding ablation
plume temporally and the ion signal recorded for a given
extraction time corresponds to a well-specified velocity of
the ions. The TOF mass spectrometer has the additional
possibility to be used without pulsed extraction, conse-
quently suppressing the mass resolution, but enabling the
measurement of the flight time of the emitted charge from
the target to the detector. Without going further into details,
we note briefly that, using postionization sources and repel-
ling voltages for the primary ions, the same experimental
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Fig. 1 Laser-induced structures on CaF, with single-pulse (upper
part) and triple-pulse sequences (bottom part) with 0.5-ps separa-
tion. The results show improvements for the structures realized by
temporally modulated excitation. The number of pulses used to form
the structures was N=5 and the laser fluence was 7 J/cm? and,
respectively, 12 J/cm?.

setup can be used to monitor the neutral emission from the
irradiated samples.

Ex situ examinations of the irradiated region were per-
formed using optical (OM), atomic force (AFM), and scan-
ning electron microscopy (SEM).

3 Results and Discussion

The possibility to synchronize the laser radiation with the
material response and to realize synergies between radia-
tion and matter has some interesting consequences for ma-
terial processing by assigning an active role to material
intrinsic and transient properties. A temporally shaped laser
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pulse can induce a modulated electronic excitation with the
possibility to achieve a certain degree of control for the
subsequent electronically induced structural transforma-
tions. Brlttle dielectrics irradiated with temporally shaped
pulses'® above the damage threshold have indicated the
possibility to improve the structuring process and to elimi-
nate fracturing based on a fast laser-induced brittle-to-
ductile transition.”” An example of using suitable multi-
pulse irradiation with terahertz repetition rates
(subpicosecond separation) on brittle fluoride materials is
presented in Fig. 1, resulting in improved, low-stress struc-
tures as compared to single-pulse processing. The interac-
tion is regulated by the fast trapping of the laser-generated
free electrons®~?7 that cause lattice deformations and tran-
sient atomic displacements, softening the irradiated surface
on a subpicosecond time scale. In this way, the initial
pulses in the excitation sequence prepare the surface for
optimal coupling of the subsequent pulses. Moreover, for
dielectric materials with strong electron-phonon interac-
tions (e.g., amorphous Si0O,), excited with multipulse se-
quences with picosecond separation, the irradiated spot
shows a spatially modulated depth profile, 28 the conse-
quence of modulated coupling properties as depicted in Fig.
2(a). On the other hand, a single short pulse or short mul-
tipulse separation (below 0.3 ps) results in smooth hemi-
spherical profiles.”® The modulated absorption is deter-
mined dominantly by the fast transient buildup of self-
trapped excitonic states in fused silica. Theoretical
modeling based on a 2-D extension of the energy transport
model developed by Bulgakova et al.,”” taking into account
free-electron generation under the laser action as well as
energetic losses due to electron trapping, indicates the es-
tablishment of a nonuniform temperature profile in the
sample after sequential energy delivery [Fig. 2(b)] on a
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Fig. 2 (a) Single shot structures made on a-SiO, surfaces with triple pulses separated by 1 ps at 14 J/cm?, where the temporal modulation of
the pulse train leads to a depth modulation of the spatial profile, and (b) 2-D temperature profile in the a-SiO, sample at the end of the excitation

sequence.
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Fig. 3 (a) Temporal profile of the laser pulse with intensity above
the damage threshold, before (dotted line) and after (solid line)
passing a 200-um-thick fused silica slab. The profiles are obtained
by cross-correlation with a reference Fourier-limited pulse. The tail
of the laser pulse is absorbed in the laser-induced electron plasma.
(b) Reflected part of the laser pulse at different irradiation energies
and (c) temporal profile of the reflected part of a 1-ps-long laser
pulse on the self-induced electron plasma at the air-dielectric
interface at different input energies below and above the damage
threshold.

picosecond time scale. At the same time, the equipotential
energy surfaces, describing the energy stored in defect
states and, subsequently, in lattice deformations, have a
similar (not shown) spatial modulation.

Monitoring laser-induced transient optical properties of
transparent materials and the effects of the self-action of the
laser pulse enables access to the primary excitation pro-
cesses during irradiation and may be developed into an ef-
ficient feedback instrument for the interaction process. The
leading edge of the laser pulse, at above damage fluences,
creates a dense electronic population in the conduction
band based on a multiphoton seeded electron multiplication
process. The transition to the critical density generates col-
lective electron oscillations at the laser frequency and au-
tomatically transforms the material into a strong absorber/
reflector for the trailing edge of the pulse. Figure 3 shows
examples displaying the self-action of the laser pulse cre-
ating the free-electron gas on the transmitted, respectively,
reflected radiation, at different input energies in the vicinity
of the damage threshold at normal incidence. Different de-
tails of the interaction process can be extracted from the
temporal profile of the transmitted short Gaussian pulse
(170 fs) through the interaction area. Figure 3(a) indicates
the corresponding temporal envelope of an initially Fourier-
transformed laser pulse after passing a 200-um dielectric
slab (fused silica) at input fluences above the damage
threshold. The temporal profile is obtained from a second-
order background-free cross-correlation with an indepen-
dent bandwidth-limited 170-fs laser pulse. For an unam-
biguous discrimination between different absorption
processes, it is imperative that the nonlinear propagation
effects in the bulk that affect additionally the spatial and the
temporal profile can be precisely accounted for. Scanning
the input energy density below and above the material dam-
age threshold and measuring the amount of reflected light, a
sudden increase is observable at the transition to a plasma
mirror state with supercritical carrier densities [Fig. 3(b)].
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Fig. 4 (a) Momentum ratio for different ionic species (O, respec-
tively, Al") emitted from laser-irradiated sapphire (Al,O3) samples
at fluences slightly above the damage threshold and (b) velocity
distributions of ionic and neutral aluminum atoms removed from
sapphire samples in similar conditions as in (a).

Similar observations can be made by monitoring the tem-
poral profile of the self-reflected beam. The increased
asymmetry of the profile at above threshold fluences de-
fines the temporal onset of the plasma mirror [Fig. 3(c)].
This specific type of investigation enables a precise assess-
ment of the balance between multiphoton and collisional
excitation in excited materials. Moreover, it enables subse-
quent balancing of the two complementary processes and
provides access to the properties of the laser-induced elec-
tron plasmas under variable irradiation conditions.

Previous time-resolved experiments on laser-induced ion
emission from different classes of materials***' have indi-
cated significant differences between dielectrics, semicon-
ductors, and metals. Based on energy and momentum con-
siderations, the results have clearly demonstrated the
presence of a Coulomb-exploded component in the distri-
bution of ions removed from dielectric surfaces. This is a
consequence of strong photoelectron emission and of poor
carrier transport in the irradiated region that allows signifi-
cant charging of the surface and impulsive repulsion of the
ionic layers. The impulsive material removal results in
emission of ions characterized by the same momenta [Fig.
4(a)], which is a signature of a sudden, electrostatically
driven process. Figure 4(b) shows the ionic and neutral
velocity distribution for Al atoms emitted from sapphire
samples and reflects the impulsive nature of the accelera-
tion mechanisms for the ionic component. At the same
time, the in situ time-resolved measurements ! have indi-
cated the absence of the clectrostatic breakup of the surface
for conducting and semiconducting materials in the vicinity
of the ablation threshold, and a significant increase in the
efficiency of ion emission from silicon on a picosecond
time scale, in very good agreement with time-resolved
X-ray dzift;rzaction detection of the thermal response of the Si
lattice.” ™

Semiconductor  excitation by  ultrafast  laser
. s 3G
irradiation™*~* at fluences around the damage threshold has

revealed the appearance of a high-reflectivity, almost metal-
like phase on the development of a dense electron-hole
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Fig. 5 (a) Non-mass-resolved TOF ion spectra from silicon targets under ultrafast laser irradiation with
single and double pulses with increasing separation times at 0.9 J/cm? total incident fluence. To
demonstrate the species content of the features, a short-range retarding positive voltage of 200 V was
applied in front of the charge detector (dotted line). (b) SEM images of the laser-induced structures
generated after three successive irradiation sequences of single and double, 22-ps-separated pulses
of 2.3 J/cm? total fluence on the same spot. While the single-peak irradiation generates significant melt
residuals, suggesting strong thermal and hydrodynamic activity, double-pulse irradiation produces
cleaner structures by efficiently coupling the second pulse into the previously induced liquid region.

plasma with the optical response of a free-electron gas.
When an intense light beam carrying photons of sufficient
energy to overcome the bandgap illuminates the semicon-
ductor, free carriers are generated via one- and two-photon
interband absorption followed by further free-electron heat-
ing. If a specific threshold is surpassed and a significant
number of electrons is pumped in the conduction band, the
strong electronic excitation is almost immediately followed
by premature bond softening, lattice destabilization, and the
appearance of nonthermal phase transitions on a subpico-
second time scale. The ultrafast lattice disordering induced
primarily by electronic excitation in antibonding states pre-
cedes the thermal phase transformations. For lower energy
inputs, screened nonradiative recombination, delayed
carrier-lattice thermalization, and phonon equilibration to-
gether with thermal transport limited by the velocity of
sound will force the characteristic time for the thermal
melting at a timescale of a few picoseconds. Material re-
moval proceeds via the hydrodynamic expansion of the ex-
cited matter.

Based on the preceding characteristics, directional ion
emission from laser-irradiated silicon samples is an inter-
esting candidate for pulse tailoring experiments at a pico-
second timescale due to the benefit of a succession of fast
electronic and structural changes triggered by the laser ra-
diation. For the initial experiments, the Si samples were
irradiated with double ultrafast (180-fs) pulses with equal
intensities and separation distances that varied between few
hundred femtoseconds and 22 ps. Figure 5(a) displays the
TOF spectra of the detected charge without mass resolution
except the indication given by the characteristic drift of
species with different masses. In this case, no intermediate
electric fields influenced the flight of the particles from the
sample to the MSP charge detector. The traces were re-
corded for single-pulse interaction and four cases of
double-pulse sequences temporally separated by 0.4, 3, 7,
and 22 ps, but with identical energy content. The silicon
samples were repeatedly exposed to six excitation se-
quences per site at a 2-Hz repetition rate and 0.9 J/cm? total
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incident energy density. A double-peak distribution is
present, with the first peak centered at around 2-us arrival
time and containing dominantly positive hydrogen ions
with energies below 300 eV. At this moderate fluence, we
did not observe energetic (in the keV range) particles, as
claimed in previous reports.** The hydrogen yield is a con-
sequence of the laser-activated hydrogen emission follow-
ing water dissociative adsorption on the silicon sample. The
composition of the two peaks was verified using a positive
retarding field in front of the MSP detector having the func-
tion of a high-pass energy filter. A 200-V retarding field
almost entirely removes the first peak. The characteristic
cut-off times of the barrier in the second peak indicate the
presence of Si ions, mainly single ionized for single-pulse
irradiation. Under our experimental conditions, double-
pulse irradiation with picosecond separation favors, to a
certain extent, the appearance of multiple ionized species
and produces an evident energy gain for the single ionized
silicon atoms as compared to the single-pulse irradiation.
The position of the second peak depends strongly on the
laser energy delivery rate showing a downshift of almost 3
s as we increase the time separation of the two pulses, a
tendency opposed to the H" peak behavior. The obvious
dynamics of this feature suggest the possibility of using
better-designed optical waveforms to control the interac-
tion.

The improved efficiency of ion emission with increasing
pulse separation on the picosecond scale may suggest a
gas-phase interaction, although the separation times in the
double-pulse sequence are too short to allow substantial
gas-phase expansion and delayed ionization of neutrals
emitted by the second pulse. Moreover, the leading pulse
alone does not have enough energy to induce significant
material removal. Concomitantly, the morphology of the
damage [Fig. 5(b)] suggests a direct coupling to the ther-
mally affected solid.*' For separation distances longer than
3 ps, the following scenario can be considered. The excita-
tion induced by the first pulse degenerates into a significant

May 2005/Vol. 44(5)
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melting zone with altered optical properties, characteristic
to the hot, liquid silicon. The second pulse couples very
efficiently to the liquid layer, leads to total vaporization of
the melted region, and leaves behind a featureless structure
without the residual cast [Fig. 5(b)]. In contrast, single-
pulse irradiation produces significant thermal and hydrody-
namic effects in the residual melt that affect the quality of
the structure. An optimal separation between the pulses cor-
responds to the formation of a liquid layer with a thickness
similar to the optical penetration depth and leads to the
formation of smooth structures on the surface.

In a second round of experiments, we applied adaptive
numerical schemes to optimize the kinetic properties of the
Si ion beam.*? The pulse was dynamically adapted to opti-
mize the ex?erimental result in a closed, self-learning feed-
back loop.*

From a general point of view, one can say that the se-
lectivity in generating high carrier densities in semicon-
ducting materials is reduced* since all the accessed states
in the conduction band will contribute to the current flow.
In this case, the selection will rely on the more favorable
energetic pathway with respect to the final lattice tempera-
ture. For irradiation doses specific to the ablation regime,
rapid electronic dephasing in overcritically excited silicon
severely reduces the possibility of triggering coherent pro-
cesses, especially when the final state belongs to the con-
tinuum. As opposed to quantum control strategies where
one tries to obtain electromagnetic fields designed to drive
the system in final target quantum states, we build here on
the temporal succession of different types of phase trans-
formation, adapting the laser energy delivery rate to a suc-
cession of structural changes that give access to both ul-
trafast, nonthermally driven interactions, as well as to
classical thermal domains.

The amplitude of the ion signal within a chosen velocity
range (~4.2X 10* m/s) serves as feedback for the optimi-
zation loop. To select the specific velocity, the pulsed ex-
traction delay time in the TOF setup was set to the corre-
sponding fixed value. The use of velocity windows adds
flexibility to the process of manipulating the ion beam and
enables us to control different portions of the velocity dis-
tribution. It is expected that the choice of different velocity
windows may affect the result of the optimization, since the
ejected particles may correspond to different times, mecha-
nisms, and regions of emission, determined by the energy
stored in different subsurface layers. The highest efficiency
in manipulating the ion beam is reached in the high-
velocity range.

The optimization of the ion yield is performed using a
self-learning evolutionary strategy that produces suitable
phase masks and programmable manipulation of the time-
domain laser pulse envelopes. The procedure starts from a
complex of arbitrary or reasonable-guess functions for the
initial phase patterns applied on the optical modulator,
which then evolves through genetic propagators. Evolution
operators such as crossover and mutation are applied to
search the solution space efficiently. The results are ranked
according to their fitness (the measured value of the quan-
tity to be optimized, in our case the magnitude of the
velocity-resolved ion yield), and the algorithm will suggest
an improved collection of solutions, searching the multidi-
mensional space in a way similar to biological evolution.
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For our specific purpose, the optimization sequence begins
with a partially random population of 25 discrete phase
masks on the modulator, including also the single, Fourier-
transformed pulse and sometimes solutions obtained by
previous runs of the algorithm. Assessing the signal, the
algorithm tries out phase patterns originating from the
adaptive combination of previous phase populations and
iteratively proposes solutions based on the ‘“‘survival of the
fittest”” selection procedure until convergence is achieved.
The speed of convergence can be controlled by the input
parameters of the algorithm (e.g., adaptive mutation step,
size of population, number of parents used for crossover).
Due to the limited size of the sample, we preferred to work
with a relatively high and smooth convergence speed. No
constraints related to the phase smoothness across the op-
tical modulator were applied. Details concerning global op-
timization methods describing suitable use of crossover and
mutation selection rules to ensure efficient exchange of in-
formation, genetic diversity, and to prevent trapping in lo-
cal minima can be found elsewhere.*

The value of the measured ion yield for an appropriate
phase mask indicates the pulse capability to perform the
specified task. The signal enhancement via the trial-and-
error procedure instructs the laser iteratively to push the
system in a thermodynamic state where the highest tem-
peratures can be achieved with minimal energetic losses,
based on the measured success of previous pulses. Minimal
information about the physical insight is required at the
beginning, but the optimal pulse includes the acquired
knowledge concerning the mechanisms of control. The
limitations of the shaping device are given by the upper
boundary of the shaping temporal window, which relates to
the spectral resolution of the zero-dispersion unit. In our
case, this was limited to 22 ps.

The result of the optimization run offers the means to
understand and control the laser-induced structural modifi-
cations that transiently change the coupling properties of
the incoming radiation. Improvements are achieved even
when the topology of the solution space is very complex
and the selectivity of the excitation is reduced, allowing for
a large class of solutions for a defined target. The algorithm
provides similar solutions as long as sufficient energy is
provided. At low energies, close to the ion detection thresh-
old, the algorithm returns a single short pulse. The results
are physically meaningful since only the highest intensity
provided is able to take advantage of higher order absorp-
tion to generate an electron density sufficient to trigger the
subsequent series of thermodynamic processes. The evolu-
tion of the system during the global optimization run is
presented in Fig. 6(a) for a spatially averaged fluence of 0.8
J/em?, approximately four to five times above the observed
damage threshold. The task to maximize the ion yield with
the velocity of 4.2X 10* m/s [Fig. 6(b)] with an increase of
almost 10 times as compared to the yield produced by
single pulses delivers as the optimal intensity envelope a
sequence of two pulses; a fast, short peak followed by a
long pulse after approximately 8 ps [Fig. 6(c)]. Measuring
the relative energy balance between the two pulses, one
finds as an essential feature that the energy content of the
first pulse (approximately 20 to 25% of the total energy)
always levels out at the thermal solid-to-liquid phase tran-
sition threshold, realizing the minimal energetic require-
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Fig. 6 (a) Evolution of the Si* ion yield during the adaptive optimi-
zation run, where a several-fold increase is obtained for the ion yield
with a velocity of 4.2x 10* m/s at a fluence of 0.8 J/lcm?; (b) TOF
mass-resolved Si" trace corresponding to the single pulse and the
optimal pulse, respectively; and (c) intensity envelope of the optimal
pulse.

ments to induce the structural change. By judiciously redis-
tributing the laser energy, the excitation sequence prepares
the irradiated region for the most effective coupling condi-
tions. A higher energy of the initial pulse will force the
nonthermal disordering, losses will increase due to the
higher reflectivity, and less energy will be available to heat
the residual melt. Once the liquid phase is nucleated over a
depth of a few nanometers, the second pulse couples, al-
ways in a molten, metallic-like phase dominated by one-
photon intraband transitions. The absorption coefficient is
dramatically enhanced* up to @jiquia= 10* m™~! and most of
the energy of the second pulse is deposited within the first
nanometers, leading to a significant increase in the energy
density confined in the liquid layer. The match between the
thickness of the liquid layer and the absorption length of
the pulse also has extended consequences for material
structuring, because a sharper temperature gradient at the
liquid-solid interface is equivalent to restricting the interac-
tion to the molten region. Therefore, the ion flow is ma-
nipulated by the thermally induced transition to the molten
phase and further energy deposition in the overheated lig-
uid layer. Moreover, due to the somehow poorer electrical
properties of liquid silicon as compared to a typical metal
(electrical resistivity is 75 uf)cm in the liquid phase, im-
plying a low electron mobility of ~1 cm?/V s, while ther-
mal conductivity drops two orders of magnitude), carrier
transport is inhibited and the energy has reduced means to
diffuse away from the interaction region, establishing con-
ditions to reach extremely high temperatures.

To prove the case, the optimal sequence was compared
with the initial set of experiments using sequences of
double pulses separated by 10 and 22 ps with the same total
energy, and the recorded yield was comparable. Since the
linear free-electron absorption dominates the energy depo-
sition in the liquid phase, the particular shape of the second
pulse no longer plays a significant role, as long as the pulse
is shorter than thermal conduction and the liquid phase is
already present, and this makes available a large selection
of optimal solutions. The amount of energy deposited in the
liquid layer is then simply given by [7[1—R(¢)]I(t)dt,
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Fig. 7 Si" ion velocity distributions for different signal target func-
tions, showing the tunability of the kinetic properties of the ions. The
fastest distribution corresponds to irradiation with the optimal pulse.
The velocity window used in optimization is marked.

where 7 denotes the onset of the phase transition, and R(t)
is the transient reflectivity. The velocity distribution corre-
sponding to the optimal irradiation is presented in Fig. 7 as
the fastest distribution. The broad velocity envelope sug-
gests the presence of several stream velocity components
corresponding to different stages of removal. Since the
emission process may require a finite amount of time, with
variable conditions at the vacuum-solid interface, the dis-
tribution of the ejected particles may include different drift
velocities and translational temperatures.*® Similar fast ve-
locity features can be induced by a single short pulse with
an energy density superior to 1.6 J/cm?, i.e., twice as much
as used for the optimization experiments. The possibility of
defining the fitness function according to specific target sig-
nals enables one to access also the gray levels between the
zero level and the maximum ion value by redistributing the
energy between the two main features of the optimal pulse.
Optimization of different velocity windows for the ions
opens up the possibility to generate ion beams with tunable
kinetic properties on the expense of the absolute number of
ions produced. Figure 7 shows several velocity distribu-
tions covering a large spectrum of accessible energies for
the emitted ions when temporally selective excitation is
used, enabling accurate control of the degree of super-
heating.

To confirm the real-time development of the laser-
triggered processes we performed a time-resolved experi-
ment detecting the reflected part of a p-polarized weak
probe pulse in a cross-polarized, collinear pump-probe
setup after previous excitation with short singular pulses
with different amounts of energy. Monitoring the transient
reflectivity enables the possibility to follow in time the en-
ergy redistribution and fast electronic and structural modi-
fications. The irradiation geometry was kept similar to the
optimization experiment. The 24-deg laser incidence en-
ables good discrimination between the electronic and struc-
tural changes. No particular care was taken to match the
size of the probe with the region of uniform excitation, the
recorded signal corresponding to the spatially averaged re-
flectivity. Although the reflectivities alone cannot provide
the complete picture, corroborated with previously reported
imaging experiments’™?’ and time-resolved  x-ray
detection,’>** one can obtain a satisfactory prognosis. At
low input energies, close to the melting threshold and equal
to the energy content of the first peak in the optimal se-
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Fig. 8 Time-resolved reflectivity of the excited silicon surface at dif-
ferent irradiation doses as a probe for laser-induced electronic and
structural modifications. The short pump pulse is centered at t=0.

quence, a slow increase of the reflectivity is observed,
which levels out after more than 5 ps. If we increase the
pump energy, the situation gradually changes, culminating
with the appearance of the fast, subpicosecond nonthermal
transition to the disordered phase (Fig. 8). Replacing the
initially short pump pulse with the optimal excitation se-
quence indicates a slow increase of the reflectivity (not
shown here), peaking 8 ps after the initial spike, and con-
firming the scenario presented for the temporal develop-
ment of the energy coupling.*

The evolution of the thermodynamical states of the ma-
terial under the optimal irradiation sequence was followed*
using the 1-D drift-diffusion continuum approach devel-
oped in Ref. 29. The theoretical method follows the elec-
tronic and thermal transport in excited silicon samples by
solving the continuity equation and accounting for the laser
energy transfer to the electrons and, subsequently, to the
lattice, followed by the nucleation of the liquid phase.*” On
these timescales, normal equilibrium boiling, which in-
volves bubble formation and diffusion, is severely limited
and circumstances are created so that strong superheating
of the liquid can be achieved. After nucleating the liquid
phase by the initial pulse, under conditions of stress con-
finement, the heating rate becomes so intense that the liquid
layer is pushed into a supercritical fluid state. Complement-
ing the continuum model with the molecular dynamic simu-
lation results of Perez and Lewis*® and Lorazo et al.,* a
physically relevant picture of the successive events
emerges. The unstable fluid exposed to the second, long
pulse decomposes into a collection of gas and clusters as a
result of the nearly adiabatic expansion above or across the
spinodal.

4 Conclusions

We presented experimental results describing the influence
of temporal shaping of ultrafast laser pulses on laser-
irradiated materials at input energies above the threshold
for material removal. Suitable temporally shaped pulses en-
able us to exploit ultrafast structural transformations that
lead to an improvement of the energetic coupling. A brief
review of possible applications for processing of dielectric
materials with relatively strong electron-phonon coupling
was presented, showing that the energy flow and the mate-
rial response can be guided to improve processing results.
Ilustrative situations for CaF, and a-SiO, were described.
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The primary absorption process was illustrated by time-
resolved monitoring of the self-action (transmission and re-
flection) of an ultrafast laser pulse above the material dam-
age threshold. Further insight into the mechanisms of
material removal is gained from TOF mass spectrometry on
neutral and charged particles emitted from dielectric mate-
rials. Nonthermal and thermal mechanisms were advocated
based on the dynamic response and the particular shape of
the kinetic distributions of the emitted particles. Also, ex-
amples were given to illustrate the possibility of manipu-
lating the properties of ion beams generated during laser
ablation of Si wafers. We demonstrated that adaptive evo-
lutionary optimization schemes and pulse temporal tailor-
ing can have an extended range of action, enabling appli-
cations that could largely benefit from the synergies
between laser action and the material characteristic re-
sponse. In this particular respect, our results show that it is
possible to adaptively optimize the kinetic properties of
ions emitted from laser-irradiated semiconductor samples
using excitation sequences synchronized with the phase
transformation characteristic times, exploiting transitions to
supercritical fluid states. Corroborating different experi-
mental approaches, from TOF mass spectrometry to time-
resolved reflectivity measurements, theoretical calculations,
and previously published data on molecular dynamic simu-
lations of laser-excited materials, we described a conceiv-
able thermodynamic evolution path for the system around
the critical point. This paper demonstrates the additional
advantages of utilizing temporally tailored ultrafast laser
pulses, laying the basis for the possibility of generating ion
beams with specific energetic properties whenever opti-
mally designed excitation pulses are used for irradiation.
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