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ABSTRACT 

 
Ultrafast lasers promise to become attractive and reliable tools for material processing on micro- and nanoscale. The 
additional possibility to temporally tailor ultrashort laser pulses by Fourier synthesis of spectral components enables 
extended opportunities for optimal processing of materials. An experimental demonstration of the technique showing the 
possibility to design particular excitation sequences tailored with respect to the individual material response will be 
described, laying the groundwork for adaptive optimization in materials structuring. We report recent results related to 
the implementation of self-learning, adaptive loops based on temporal shaping of the ultrafast laser pulses to control 
laser-induced phenomena for practical applications. Besides the fundamental interest, it is shown that under particular 
excitation conditions involving modulated excitation, the energy flow can be controlled and the material response can be 
guided to improve processing results. Examples are given illuminating the possibility to control and manipulate the 
kinetic properties of ions emitted from laser irradiated semiconductor samples using excitation sequences synchronized 
with the phase transformation characteristic times.  
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1. INTRODUCTION 

 
Ultrafast lasers proved to be powerful tools for investigating physical processes on the shortest time scale, as well as for 
processing different materials on the scale of optical wavelengths.1-5 Their potential for material processing is based on 
the prospect of strong localization of energy, increased controllability,1-9 and reduced residual damage, fulfilling already 
demands for miniaturization and integration in reliable micro and nano fabrication techniques. Ultrafast lasers offer 
unparalleled capabilities for reduced-scale processing, taking advantage of the strong nonlinear and selective, non-
thermally driven interactions, reduced heat effects, and, more recently, the unique possibility of pulse adaptive 
manipulation.10 The technological development of rapid optical modulation devices11 and the implementation of robust 
adaptive numerical procedures for optimization of predefined experimental outputs have allowed the generation of 
complex electromagnetic waveforms in the infrared and visible spectral range and have provided an efficient tool to 
control and manipulate the interaction between light and matter. The capability to tailor ultrafast laser pulses to desired 
temporal shapes exploits the large spectral bandwidth of an ultrafast laser pulse and the possibility to have complete 
control over the spectral characteristics of the electrical field. Temporal pulse shaping by Fourier synthesis of spectral 
components has been demonstrated to be an effective technique able to control and optimize a variety of physical and 
chemical systems using coherent light and to route specific processes in pre-specified directions. Optimal control 
experiments have addressed several types of physical situations, including the selective breaking of chemical bonds, the 
manipulation of electron transfer in biological complexes, the creation of particular molecular vibrations, the 
enhancement of radiative high harmonics, or the creation of ultrafast semiconductor switches.12-19 Particularly for 
complicated physical or chemical systems, whenever the optimal optical waveform to assist a specific transition is not 
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straightforward, self-learning optimization procedures may deliver the most effective way to drive the systems in pre-
specified states. The extreme irradiation conditions generated by ultrashort laser pulses have also allowed generating 
previously unexplored properties of materials around critical points. Ultrafast laser-driven phase transitions and exotic 
metastable states are some of the observations that point towards novel properties and the potential of obtaining singular 
laser machining technologies suitable for a broad range of applications. The potential spectrum ranges from quality 
structuring of materials for increased functionality to integration in analytical methods sensitive to particle emission or 
controlled ion beams for implantation purposes. These novel techniques are conceived to generate new matter properties 
and phases based on synergies with the material intrinsic response, unfolding new perspectives for “intelligent”, 
feedback-assisted processing of materials. 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 optoelectronic applications (e.g. 
quantum dot formation at Si/SiO2 interface using shallow implantation), temporal pulse shaping is particularly 
promising, with the potential to compensate the current deficit in the properties of the sub-keV high-flux ion beams 
delivered by presently available commercial techniques. 

Besides enormous scientific interest, the concept of adaptive optimization can have though significant practical 
implications, introducing novel concepts and potential in advanced laser material processing. While the laser energy 
delivery rate will be adaptively adjusted to the best coupling conditions, the materials themselves will start to play an 
active role in the structuring process. We propose a procedure based on evolutionary algorithms using phase modulation 
and, subsequently, temporal pulse tailoring 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.20 We demonstrate 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 thermodynamic states, and obtain controllable low-kinetic-energy and high-flux ion beams 
for practical purposes, among them ion implantation in micro- and optoelectronics. The various characteristics of the ion 
beams such as kinetic energy, ionization degree, and directionality will have an influence on ion implantation techniques 
since they can affect penetration profiles of the impurities. Essentially, in optimization experiments the measured output 
is fed back into an iterative learning loop until a particular excitation sequence properly adapted to the experimental 
conditions is determined, without initial information of the physical parameters. Since no prior knowledge of the 
physical aspects of the problem is required, evolutionary algorithms can be applied for finding the optimal solution for a 
wide class of problems, from coherent control of electronic and nuclear degrees of freedom in complex physical, 
chemical, and biological systems to process optimization in practical applications. Moreover, a demonstration of 
designing material-removal characteristics from laser-irradiated materials is appealing for a broader range of scientific 
and technological applications. 

 
2. EXPERIMENT 

 
Dielectric (a-SiO2,) and semiconductor (Si) samples were irradiated under vacuum conditions (10-5 mbar) with 180 fs 
pulses from an 800 nm Ti: Sapphire oscillator-amplifier laser system delivering 0.6 mJ energy per pulse at a nomina1 
repetition rate of 1 kHz. The laser system incorporates a closed-loop programmable pulse-shaping apparatus and 
additional ion detection devices. The p-polarized laser beam was focused onto the sample surface at 24° incidence down 
to a spot of approximately 900 µm2. An electromechanical shutter was used to control the irradiation dose, scaling the 
repetition rate down to 1 Hz. The energy in the laser pulse was smoothly varied using a half-wave plate in combination 
with a thin film polarizer. The irradiation process was carried out under vacuum conditions (10-5 mbar). 

Temporal pulse tailoring11 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 allows 
phase/amplitude modulation (by controlled retardation and attenuation at each pixel position in the frequency space) 
introducing different optical paths to the spatially separated spectral components and, in turn, tailoring the pulses to 
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 in different rates. The optical modulator was inserted after the oscillator, the 
amplifier being seeded with the phase-modulated beam. The temporal profile of the modulated sequence was measured 
by second order cross-correlation with a non-modulated pulse deflected from the oscillator prior to phase modulation and 
seeded in the amplifier 500 ps behind. 
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Positively charged Si ions were detected by a linear time-of-flight21,22 (TOF) mass spectrometer with the detection axis 
normal to the sample surface. The emitted ions were allowed to drift for 65 mm in a field–free region and then extracted 
into the mass spectrometer with a pulsed electric field 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 allows the construction of the mass-resolved velocity distribution at the position of the extraction region. The 
TOF mass spectrometer has the additional possibility to be used without pulsed extraction, consequently suppressing the 
mass resolution but allowing the measurement of the flight time of the emitted charge from the target to the detector. 

The variable extraction-field delay samples the expanding ablation plume temporally. The ion signal recorded for a given 
extraction time corresponds to a well-specified velocity of the ions. 

In connection to the time-of-flight detection, the electro-mechanical shutter has the additional possibility to select groups 
of 5 consecutive pulses separated by 10 ms at a repetition rate of 1 Hz. The signal was recorded for the last pulse in the 
sequence, the initial four pulses being used to remove the native oxide layer. Each sequence illuminates a fresh spot on 
the surface. 

 
3. RESULTS AND DISCUSSION 

 
The possibility to synchronize the laser radiation with the material response and to realize synergies between radiation 
and matter has some interesting consequences for material processing. In this way materials properties will play a 
dynamic role in the structuring process. A temporally shaped laser pulse can induce a modulated electronic excitation 
with the possibility to achieve a certain degree of control for the subsequent electronically-induced structural 
transformations. Brittle dielectrics irradiated with temporally shaped pulses10 have indicated the possibility to improve 
the structuring process and eliminate fracturing based on a laser-induced brittle-to-ductile transition.23 The transition is 
regulated by the fast trapping of the electrons24-27 that causes lattice deformations and transient atomic displacements, 
softening the irradiated surface on a sub-ps time scale. Moreover, using multipulse excitation sequences with sub-ps 
separation, the irradiated spot shows a spatially modulated depth profile,28 consequence of modulated coupling properties 
as depicted in Figure 1 (a). The modulated absorption is determined dominantly by the fast, transient build-up of self-
trapped excitonic states in fused silica. Theoretical modeling based on a two dimensional extension of the energy 
transport model developed by Bulgakova et al.29 taking into account the energetic loss due to electron trapping indicates 
the establishment of a non-monotonous temperature profile in the sample after irradiation (Fig. 1 (b)) on ps time scale. 
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Fig. 1.  (a) Single shot structures made on a-SiO2 surfaces with triple pulses separated by 1 ps at 14 J/cm2. The temporal 
modulation of the pulse train leads to a modulation of the spatial profile. (b) 2D-temperature profile in the a-SiO2 sample at the 
end of the excitation sequence. 
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Previous time-resolved experiments on laser-induced ion emission from different classes of materials30,31 have indicated 
significant differences between dielectrics, semiconductors, and metals. The results have clearly demonstrated the 
absence of the electrostatic break-up of the surface for the last two types of materials and a significant increase of the 
efficiency of ion emission from silicon samples on a picosecond time scale, in very good agreement with time-resolved 
X-ray diffraction detection of the thermal response of the Si lattice.32,33 

Semiconductor excitation by ultrafast laser irradiation34-39 at fluences around the damage threshold has revealed the 
appearance of a high reflectivity, almost metallic-like phase upon the development of a dense electron-hole plasma with 
the optical response of a free electron gas. When an intense light beam, carrying photons of sufficient energy to 
overcome the band gap, illuminates the semiconductor, free carriers are generated via one and two-photon interband 
absorption followed by further free-electron heating. If a specific threshold is surpassed, the strong electronic excitation 
is almost immediately followed by premature bond-softening, lattice destabilization, and the appearance of non-thermal 
phase transitions on a sub-ps time scale. The ultrafast lattice disordering induced primarily by electronic excitation 
precedes the thermal phase transformations. For lower energy inputs, screened nonradiative recombination, delayed 
carrier-lattice thermalization, and phonon equilibration together with thermal transport limited by the sound velocity will 
force the characteristic time for the thermal melting on a few picoseconds timescale. Material removal proceeds via the 
hydrodynamic expansion of the excited matter. 

 
Directional ion emission from laser-irradiated silicon samples is an interesting candidate for pulse tailoring experiments 
on ps timescale due to the benefit of a succession of fast electronic and structural changes triggered by the laser 
radiation. For the initial experiments the samples were irradiated with double ultrafast (180 fs) pulses with equal 
intensities and separation distances between few hundred femtoseconds and 22 picoseconds. 

Figure 2 (a) displays the TOF spectra of the detected charge without mass resolution except the rough indication given 
by the characteristic drift of species with different masses. The traces were recorded for single pulse interaction and 4 
cases of double pulse sequences temporally separated by 0.4 ps, 3 ps, 7 ps and 22 ps but with identical energy content. 
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Fig. 2.  (a) Non-mass resolved TOF ion spectra from silicon targets under ultrafast laser irradiation with single and double-
pulses with increasing separation times between the two pulses, at 0.9 J/cm2 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 (dot lines). 
The results are derived from a spot previously irradiated with 6 sequences per site. (b) Scanning electron microscope images of 
the laser-induced structures generated after 3 successive irradiation sequences of single and double, 22 ps separated pulses of 2.3 
J/cm2 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 initially induced liquid region. 
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The silicon samples were repeatedly exposed to 6 excitation sequences per site at 2 Hz repetition rate and 0.9 J/cm2 total 
incident energy density. A double peak distribution is present with the first peak centered at around 2 µs arrival time and 
containing dominantly positive hydrogen ions with energies below 300 eV. We did not observe at this moderate fluence 
any energetic (keV) particles as claimed in previous reports.40 The hydrogen yield is a consequence of the laser-activated 
hydrogen emission following water dissociative adsorption on the silicon sample. The composition of the two peaks can 
easily be determined with the help of a positive retarding field with a short action range in front of the MSP detector 
having the function of a low energy filter. A 200 V retarding field removes almost entirely 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. 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 µs as we increase the time separation of the two pulses, a tendency opposed to the H+ peak 
behavior. 

 
The improved efficiency of ion emission with increasing pulse separation on the picosecond scale may suggest a gas-
phase interaction, though the separation times in the double-pulse sequence are too short to allow a gas-phase expansion 
and delayed ionization of emitted neutrals by the second pulse. Moreover, the leading pulse alone has not enough energy 
to induce significant material removal. Concomitantly, the morphology of the damage (Fig. 2 (b)) suggests a direct 
coupling to the thermally affected solid.41 For separation distances longer than 3 ps the following scenario can be 
anticipated: The excitation induced by the first pulse degenerates into a significant melting zone with altered optical 
properties, characteristic to the hot, liquid silicon. The second pulse couples very efficiently to the liquid layer, leading to 
total vaporization of the melted front, and leaves behind a featureless structure without the residual cast (Fig. 2 (b)). In 
contrast, single-pulse irradiation produces significant thermal and hydrodynamic effects in the residual melt that strongly 
affects the quality of the structure. An optimal separation between the pulses corresponds to the formation of a liquid 
layer with the thickness equal to the optical penetration depth and leads to the formation of smooth structures on the 
surface. An additional effect concerning the efficiency of the laser energy deposition is noticed in the reduction of the 
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Fig. 3.  (a) Evolution of the Si+ ion yield during the optimization run. A several fold increase is obtained for the ion yield with 
a velocity of 4.5×104 m/s at a fluence of 0.8 J/cm2. (b) The TOF mass-resolved Si+ trace corresponding to the single pulse and 
optimal pulse respectively. (c) The intensity envelope of the optimal pulse. 
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energetic gap between the observed damage threshold through local melting of the surface (~0.2 J/cm2) and the onset of 
ablation coupled with strong ion emission.  

In a second round of experiments we have applied adaptive numerical schemes to optimize the kinetic properties of the 
ion beam.41 The pulse was dynamically adapted to optimize the experimental result in a closed, self-learning loop.43 

The selectivity in generating high carrier densities in semiconductor materials is reduced44 since all the accessed states in 
the conduction band will contribute to the current flow. The selection will relay in this case on the more favorable 
energetic pathway with respect to the final lattice temperature. For irradiation doses specific to the ablation regime, rapid 
electronic dephasing in overcritically excited silicon severely reduces the possibility to trigger coherent processes, 
especially when the final state belongs to the continuum. 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 transformation adapting the laser energy delivery rate to a succession of structural 
changes, giving access to both ultrafast, non-thermally driven interactions, as well to classic thermal domains. 

 

 
The amplitude of the ion signal with a chosen velocity serves as feedback for the optimization loop. To select the 
specific velocity, the pulsed extraction delay was set to the corresponding fixed value. 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. 
Results will be ranked according to their fitness (the measured value of the quantity 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 multidimensional space similar to biological evolution. For our specific purpose the optimization sequence 
begins with a partially random population of 50 individuals (strings corresponding to a defined phase mask 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 iteratively proposes solutions based on the “survival of the fittest” 
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Fig. 4. Si+ ion velocity distributions for different target functions, 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 on the 
figure. 
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selection procedure until convergence is achieved. Details about global optimization methods describing suitable use of 
crossover and mutation selection rules to ensure efficient exchange of information, genetic diversity, and to prevent 
trapping in local minima can be found elsewhere.43 

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 iteratively instructs the laser to push the system in a 
thermodynamic state where highest temperatures 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 about 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 modifications 
that transiently change the coupling properties of the incoming radiation. Improvements are achieved even when the 
solution space topology is very complex and the selectivity of the excitation is reduced allowing for a large class of 
solutions for a defined target. The algorithm is providing similar solutions as long as sufficient energy is provided. At 
low energies, close to the ion detection threshold, 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 absorption to generate a 
sufficient electron density. The evolution of the system during the global optimization run is presented in Figure 3 (a) for 
a spatially averaged fluence of 0.8 J/cm2, approximately 4 times above the observed damage threshold. The task to 
maximize the ion yield with the velocity of 4.5×104 m/s (Fig. 3 (b)) with an increase of almost ten times delivers as 
optimal intensity envelope a sequence of two pulses; a fast, short peak followed by a long pulse after approximately 8 ps 
(Fig. 3 (c)). Measuring the relative energy balance between the two pulses, one finds out as an essential feature that the 
energy content of the first pulse (approximately 25% of the total energy) always levels out at the thermal solid-to-liquid 
phase transition threshold, realizing the minimal energetic requirements to induce the structural change. By judiciously 
redistributing the laser energy the excitation sequence prepares the irradiated region for the most effective coupling 
conditions. A higher energy of the initial pulse will force the non-thermal disordering, losses will be increased 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 few nanometers, the second pulse couples always in a molten, metallic-like phase dominated by one-photon 
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Fig. 5. Time-resolved reflectivity of the excited silicon surface at different irradiation doses as a probe for laser-induced 
electronic and structural modifications. 
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intraband transitions. The absorption coefficient is dramatically enhanced45 up to αliquid=108 m-1 and the whole 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 has also 
extended consequences for material structuring, a sharper temperature gradient at the liquid-solid interface being 
equivalent to restricting the interaction to the molten region. The ion flow is manipulated therefore by the thermally-
induced transition to the molten phase and further energy deposition in the overheated liquid layer. Moreover, due to the 
somehow poorer electrical properties of liquid silicon as compared to a typical metal, carrier transport is inhibited and 
the energy has reduced means to diffuse away from the interaction region, establishing conditions to reach extremely 
high temperatures. To prove the case the optimal sequence was compared with the initial set of experiments using 
sequences of double, equal-intensity pulses separated by 10 and 22 ps with the same total energy, the recorded yield 
being absolutely comparable, which means that, since the one-photon absorption dominates the energy depositions in the 
liquid phase, the particular shape of the second pulse does not play a significant role anymore. The amount of energy 

deposited in the liquid layer is then simply given by ( ) ( )∫
∞

τ
dttItR  where τ denotes the onset of the phase transition and 

R(t) is the transient reflectivity. The velocity distribution corresponding to the optimal irradiation is presented in Fig. 4. 
The broad velocity envelope suggests the presence of several stream velocity components corresponding to different 
stages of removal. Similar fast velocity features can be induced by a single short pulse with an energy density superior to 
1.6 J/cm2. The possibility to define the fitness function according to specific targets allows 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 4 shows several velocity 
distributions covering a large spectrum of accessible energies for the emitted ions when temporally–selective excitation 
is used, allowing for the accurate control of the degree of superheating. 

To confirm the real-time development of the laser-triggered processes we have performed a time-resolved experiment 
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. The irradiation geometry was kept 
similar to the optimization experiment. The 25° laser incidence enables good discrimination between the electronic and 
structural changes. To preserve the experimental conditions, no particular care has been taken to match the size of the 
probe with the region of uniform excitation, the recorded signal corresponding to the spatially-averaged reflectivity. 
Though the reflectivities alone cannot provide the complete picture, corroborated with previously reported imaging 
experiments35,37 and time-resolved X-ray detection32,33, 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 sequence, a slow increase of 
the reflectivity is observed, which levels out after more than 5 ps. Increasing the pump energy, the situation gradually 
changes, culminating with the appearance of the fast, sub-ps non-thermal transition to the disordered phase (Fig. 5). 
Replacing the initially short pump pulse with the optimal excitation sequence indicated a slow increase of the 
reflectivity, peaking up 8 ps after the initial spike confirming the temporal development of the energy coupling. For this 
last set of measurements, a second oscillator pulse bypassing the modulator was injected into the amplifier 0.5 ns 
delayed with respect to the modulated pulse and used as a probe.  

 
4. CONCLUSIONS 

 
In conclusion we have presented experimental results related to the influence of temporal shaping of ultrafast laser pulses 
on laser-irradiated materials above the ablation threshold. Besides a brief review of applications for processing of 
dielectric materials, examples were given to illustrate the possibility to manipulate the properties of ion beams generated 
during laser ablation of Si wafers. In a first set of experiments we have shown a significant increase in the emitted ion 
yield from silicon surfaces when double-pulse sequences with separations on the time scale of the solid-to-liquid thermal 
phase transformation are used.  

In a second set of experiments we have also demonstrated that adaptive evolutionary optimization schemes and pulse 
temporal tailoring can have an extended range of action, enabling applications that could largely benefit from the 
synergies between the laser action and the material characteristic response. Our results show that 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. It was shown that under particular excitation 
conditions involving modulated excitation, the energy flow can be controlled and the material response can be guided to 
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improve processing results. This study 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 
optimally designed excitation pulses are used for irradiation. 
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