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Fundamentals of ultratast laser—material

Maxim V. Shugaev, Chengping Wu, Oskar Armbruster,
Aida Naghilou, Nils Brouwer, Dmitry S. Ivanoy,

Thibault J.-Y. Derrien, Nadezhda M. Bulgakova,

Wolfgang Kautek, Baerbel Rethfeld, and Leonid V. Zhigilei

Short pulse laser irradiation has the ability to bring a material into a state of strong electronic,
thermal, phase, and mechanical nonequilibrium and trigger a sequence of structural
transformations leading to the generation of complex multiscale surface morphologies,
unusual metastable phases, and microstructures that cannot be produced by any other means.
In this article, we provide an overview of recent advancements and existing challenges in the
understanding of the fundamental mechanisms of short pulse laser interaction with materials,
including the material response to strong electronic excitation, ultrafast redistribution and
partitioning of the deposited laser energy, the peculiarities of phase transformations occurring
under conditions of strong superheating/undercooling, as well as laser-induced generation of

crystal defects and modification of surface microstructure.

Introduction

The emergence of ultrashort pulse lasers has opened up
new opportunities for high-precision processing of a wide
range of materials, including dielectrics, semiconductors, and
metals, enabling numerous applications in fields ranging
from micromachining to photonics and life sciences.' The
ability of ultrashort lasers to confine energy deposition in
small regions of irradiated targets makes it possible to perform
selective material modification and, at the same time, provides
unique opportunities for investigation of material behavior and
properties under extreme conditions of strong electronic exci-
tation, rapid heating and cooling, and ultrafast mechanical
deformation. A hierarchy of intertwined processes triggered
by ultrashort laser pulses in metals, dielectrics, and semicon-
ductors®* is schematically illustrated in Figure 1. The laser-
induced processes can be roughly separated into three groups,
highlighted by different colors in the figure, namely, laser
excitation of optically active electronic states in the irradiated

material and the initial ultrafast processes occurring in response
to the electronic excitation (yellow), rapid nonequilibrium
phase transformations triggered by the energy transfer from
the excited electrons to atomic vibrations (green), and the sub-
sequent cooling and solidification of the surface region of the
irradiated target (turquoise).

In semiconductors and dielectrics, a high concentration of free
electrons promoted across the bandgap by laser excitation may
lead to non-thermal phase transformations induced by transient
modification of interatomic bonding.>® Meanwhile, the excited
electrons in semiconductors and dielectrics, as well as conduction-
band electrons in metals, are capable of effective laser energy
absorption, which may bring the material to plasma states or even
produce a Coulomb explosion due to the electron emission and
charging of a surface region of a dielectric target.” The energy
transfer from electrons to lattice vibrations can lead to rapid
heating with rates exceeding 10 K/s, resulting in homogeneous
melting®® or even formation of a supercritical fluid.!°
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Figure 1. Typical pathways of energy dissipation and phase transformations following the
excitation of a material by an ultrashort laser pulse. Note: ns, nanosecond; ps, picosecond;

ultrafast melting® and solid—solid phase trans-

Metals Semiconductors and Dielectrics formations.® Such phase transitions are referred

to as “non-thermal,” as they are directly stimulat-
ed by the laser excitation, take place in the elec-
tronically excited state on the sub-picosecond
(ps) time scale, and require no electron—phonon

Plasma state equilibration and lattice heating.

In wide bandgap dielectrics, the main mech-
anisms involved in the generation of free elec-
trons by photons having lower energy than the
bandgap are multiphoton and avalanche ioniza-
tions, which are highly nonlinear processes.”’
Multiphoton excitation (i.e., simultaneous
absorption of several photons) is sensitive to the
laser intensity as its probability exhibits a power
law dependence on the laser intensity, which, in
effect, makes the absorption process determin-
istic. It becomes effective for ultrashort laser
pulses whose intensities are greatly increased
due to the reduction of the pulse duration 1. At
high laser intensities, the potential barrier for the
escape of electrons from the atoms is distorted,
and ionization by electron tunneling through the
reduced barrier can dominate over multiphoton
ionization.?”” Once the electrons are excited to

The extreme temperature and pressure conditions created
by the rapid laser energy deposition may cause generation of
unusual metastable phases,'''* as well as complex surface mor-
phology*!* ¢ produced in the course of photomechanical spall-
ation'”!® or explosive decomposition of superheated material
into a vapor—droplet mixture."”?! When the temperature drops
below the equilibrium melting point, resolidification starts.
In metals, strong laser energy localization combined with
large thermal conductivity result in high cooling rates of up
to 10" K/s,?>* which bring the material into a state of strong
undercooling. The solidification of highly undercooled liquid
may lead to the formation of unusual defect configurations,***
as well as nanocrystalline* and amorphous®?® structures.

In this article, we provide a brief overview of the processes
previously outlined, starting from the discussion of the laser
excitation and non-thermal processes occurring in the elec-
tronically excited state of the matter and following with laser-
induced structural/phase transformations and laser ablation.

Laser excitation and non-thermal processes

The energy of a short laser pulse couples mainly to electrons of
the irradiated material. In metals, the presence of conduction-
band electrons enables the direct absorption of laser energy
by electrons undergoing collisions with nuclei (i.e., by inverse
bremsstrahlung). In semiconductors and dielectrics, elec-
trons have to be excited across the bandgap before they can
directly absorb photons.?”* The electronic excitation in mate-
rials with a bandgap may strongly modify the interatomic
bonding and can lead to ultrafast phase transitions, including
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the conduction band, they absorb laser energy
via inverse bremsstrahlung and can produce a sequence of
electron—hole pairs through collisions with valence-band elec-
trons. This process leads to avalanche multiplication of the
density of conduction-band electrons.

The competition between these two mechanisms of free
carrier generation is responsible for considerable improvement
of machining quality with the use of ultrashort laser pulses,
as illustrated in Figure 2a. Absorption of ultrashort laser pulses
with durations of tens of femtoseconds (fs) and peak intensities
above 10" W/cm? is mostly governed by the photoionization
mechanisms (multiphoton or tunneling), whereas for free elec-
trons the laser pulse is too short to trigger the avalanche process.
In this case, the dependence of the lateral extension parameter ¢,
which relates the characteristic size of a generated structure
divided by the illuminated area to the incident laser fluence,
is logarithmic for a Gaussian beam profile. Therefore, laser-
generated cavities can be fabricated with sub-10 nm lateral and
vertical precision.* For 7, > 100 fs, the value of ¢ strongly devi-
ates from the logarithmic dependence, and the modified zone
has a rugged splintered morphology, suggesting collateral dam-
age outside the area where the laser fluence exceeds the damage
threshold. This is likely to be conditioned by the “stochastic”
avalanche process, which becomes efficient at longer t,.*!

The defects that introduce intra-bandgap states also play an
important role in laser excitation/absorption of wide-bandgap
dielectric materials. Much work has been done on identifying
the kinds of laser-generated defects in optical materials, espe-
cially in fused silica glass (bandgap of ~9 ¢V),*>* and their
roles in laser-induced ionization processes. The pump-probe
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Figure 2. (a) The dependence of the lateral extension parameter q = In(F,/F)/2 on laser
fluence F, for the ablation of fused silica in air. The green region highlights values of
theoretically predicted g for fluence threshold Fy, = 1.4 J cm™ (t, =5 fs) and F, = 1.9 J cm™
(t, = 12 fs). Inserts below show scanning electron micrographs of cavities generated at
different laser pulse durations.*® Predominance of the multiphoton excitation mechanism for
short laser pulses makes the absorption deterministic, increasing the quality of the material
processing. (b) Measured transmission of a fs laser beam (800 nm, 45 fs, NA = 0.25)
through a fused silica sample demonstrating the important role of self-trapped excitons
(STEs) in light absorption (irregular lines). The results of a simplified modeling accounting
for multiphoton and avalanche ionization and free electron trapping are shown by
smooth black lines. The up-down arrow underlines the enhancement of absorption

by introducing a 70-nJ prepulse in advance of the laser pulse actions. Adapted with
permission from Reference 35. © 2010 American Physical Society. (c) Schematics of the
formation of defects in a-SiO, that are responsible for accumulation effects in laser-
irradiation experiments: (i) intrinsic fused silica structure; (i) STE state (blue color shows
the regions with distributed excess charges); (iii) E'-center, and non-bridged oxygen hole
centers (unpaired electrons are shown by blue arrows). (d) The map of absorbed energy
density predicted for laser beam propagation through fused silica in the pump-probe
regime in simulations based on Maxwell’s equations.*® Modeling reveals formation of

a defect-mediated umbrella-like shield before the geometrical focus. Note: 1, pulse
duration; NA, numerical aperture; a-Si, amorphous silicon; E,,,, absorbed laser energy
per unit volume; fs, femtosecond; ps, picosecond.

important defects produced in fused silica by
laser irradiation are schematically presented
in Figure 2c. Free electrons created by the
pump pulse through ionization of intrinsic
glass structure are swiftly trapped into STE
states. At the ps time scale, the STEs recom-
bine with ~0.1% of STEs evolving into per-
manent defects,* E'-centers (undercoordinated
silicon atom), and non-bridged oxygen hole
centers (oxygen atoms bonded to one silicon
atom with one unpaired electron each) with the
absorption peak of 5.8 eV.** Accumulation of
permanent defects is one of the key factors that
affects the quality of laser processing of wide-
bandgap dielectrics.’’

An example of the strong effects of laser-
generated defects on laser beam propagation is
provided in Figure 2d, where the results of sim-
ulations based on Maxwell’s equations supple-
mented by hydrodynamic-type equations for
free electrons oscillating in the laser field*® are
shown for pump-probe irradiation conditions
with laser energy in each pulse of 0.2 pJ, 7, =
150 fs, and time separation between the pulses of
~3 ps. The simulations, which take into account
the formation of STEs and their re-excitation
by the probe pulse, predict the formation of
a defect-mediated umbrella-like shield and
explain the enhancement of light absorption
in the pump-probe experiments.*®

As demonstrated in a recent work on high-
impact polystyrene®® (see Figure 3), defect-
mediated laser absorption can lead to the
reduction of the threshold fluence for mate-
rial modification with an increase in the laser
beam radius, w, and the number of laser pulses
applied to the same spot on the surface, N. The
darkening of the modified surface in Figure 3a
is due to ablation and phase separation, as illus-
trated by the scanning electron microscope
image of the surface topography. The reduction
of the threshold for large beam radii (w >> Q3,

method, where an excitation pulse is followed by another incom-
ing pulse with an adjustable time delay to probe the transient
changes in reflection or transmission within the irradiated spot,
is one of the most informative experimental techniques for such
studies. >

In particular, the characteristic lifetimes of free electrons®
and self-trapped excitons (STEs)** (~150 fs and >30 ps, respec-
tively) have been determined for fused silica by varying time
delay between the pump and probe pulses. Figure 2b* dem-
onstrates that absorption of energy from a laser beam tightly
focused inside the bulk glass can be considerably enhanced by
a prepulse, which couples to the sample only 3 ps in advance
of the probe pulse and forms a population of STEs. The most
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where Q is the areal density of active low-density defects
[LDDs], within the absorption volume), shown in Figure 3b,
is ascribed to LDDs embedded in the matrix material and
schematically illustrated in Figure 3c¢.** These defects act as
donors of free electrons that can initiate an electron avalanche
and, as discussed, increase laser absorption. At small beam
radii (w << Q%9), the laser radiation interacts mainly with
the matrix material. Accumulation and incubation of LDDs
upon repetitive laser irradiation significantly reduces the dam-
age threshold (Figure 3b). This reduction is due to the gen-
eration and accumulation of optically active high-density
defects (Figure 3c) with a separation distance that is smaller
than the irradiation wavelength.
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laser beams***7 or taking advantage of the local
field enhancement in the vicinity of a tip of a
scanning probe microscope.**4

The ultrahigh rates of laser-induced cooling
and the resulting resolidification, combined with
the generation and relaxation of strong com-
pressive stresses generated by the fast laser
heating of the absorption region,'”!® create con-
ditions for the formation of unusual metastable
phases and unique material microstructures that
are difficult if not impossible to produce by any
other processing methods. In particular, metal-
lic glass formation in systems not previously
considered as glass formers has been demon-
strated in ns- and ps-pulse laser quenching.?>%
Recent examples of exotic phases produced
by lasers include a dense body-centered-cubic
Al phase'' and new tetragonal polymorphs of
silicon' formed through ultrafast confined
microexplosions generated by fs laser pulses
tightly focused inside a sapphire (a-Al,O,) crys-
tal and at the interface between a transparent
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Figure 3. (a) Combination of a scanning electron micrograph (lower right) and of a
reflected- Ilght optical micrograph (upper left) of a modification site (N = 1 pulse, beam
radius w = 50 + 5 pm, fluence F, = 11 + 2 J cm™). The modified material, which appears
darkened in the optical micrograph, can be correlated to the onset of morphological
changes as revealed by the scanning electron micrograph. (b) The dependence of the
threshold fluence F,, on the laser beam radius, w, and number of pulses, N, overlain
with the best fit of the extended defect model. (c) A schematic sketch of the extended
defect model illustrating the presence of high-density and low-density defects.®® Here,
the red laser light is focused on the sample, and the green features represent low density
defects, such as voids, cracks, and scratches. The black mesh in the absorption volume
depicts high density defects.

amorphous silicon dioxide layer (SiO,) and

Laser-induced structural and phase
transformations

The initial non-thermal material response to the ultrafast
laser excitation is quickly, within picoseconds, followed by the
onset of thermal processes induced by the energy transfer
from the excited electrons to atomic vibrations, commonly
described as electron—phonon coupling. Rapid electron—phonon
equilibration can produce ultrafast heating rates exceeding
10 K/s, opening unique opportunities for investigating the
kinetic limits of achievable superheating of solid phases.
A combination of time-resolved optical, x-ray, and electron
diffraction probing of short pulse laser melting**** with theo-
retical analysis® and molecular dynamics (MD) simulations®*#
have provided important information on the time scales and
mechanisms of the melting process occurring under conditions
of strong superheating.

However, the short pulse laser irradiation may not only
cause rapid heating and melting of localized surface or inter-
nal regions of the target, but also produce sharp temperature
gradients leading to rapid quenching of the transiently melt-
ed material. In strongly absorbing materials such as metals or
semiconductors, a combination of shallow depth of the laser
energy deposition with high thermal conductivity of the irra-
diated material can lead to cooling rates approaching and even
exceeding 10" K/s.?** The cooling rates can be even higher,
in excess of 10" K/s,* when the laser energy deposition is
confined not only within the thin surface layer of the irradi-
ated target, but also in the lateral dimensions, creating condi-
tions for even faster two- or three-dimensional heat transfer
from the absorption region. The laterally localized laser
energy deposition can be achieved by using tightly focused
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an opaque crystalline Si substrate, respectively.
An unusual amorphous carbon phase featuring a large fraction
of sp*-bonded carbon and a propensity for nano-/microdiamond
nucleation has been generated by nanosecond laser treatment of
amorphous carbon films."

The laser-induced processes responsible for the generation of
complex surface microstructures featuring ultrahigh densities
of crystal defects are illustrated in Figure 4, where the results
of large-scale MD simulations (Figure 4a—d) and experimen-
tal transmission electron microscopy characterization of the
surface modified by fs laser irradiation (Figure 4¢) are shown.
The snapshots presented in Figure 4a illustrate how a com-
plex interplay of fast laser melting, rapid cooling, resolidifica-
tion, and the dynamic relaxation of laser-induced stresses in
the surface region of a Ag target irradiated by a 100 fs laser
pulse result in the formation of a subsurface porous region
covered by a nanocrystalline surface layer.”* The nanocrystal-
line layer with ultrafine grains (see distribution in Figure 4b)
is produced by massive nucleation of crystallites triggered
by a deep undercooling of the melted surface region down to
<0.7T, (T, is the melting temperature) and features random
crystallographic orientation of the nanograins (Figure 4b).

The enlarged atomic-scale view of the surface microstruc-
ture shown for one of the nanograins in Figure 4b reveals a
high density of stacking faults, twins, and nanoscale-twinned
structural elements with fivefold symmetry. The formation of
similar pentagonal structural elements has also been observed in
frozen nanospikes generated in a MD simulation performed
at a higher laser fluence, in the spallation regime discussed
in the next section.?* Structural analysis of the Ag nanospike
generated in the MD simulation (Figure 4c), reveals a remarkable
variability of the structural motifs coexisting in the nanospike,
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Figure 4. Short pulse laser-induced generation of complex surface microstructure (a-d) predicted in atomistic simulations and (e) observed
in experiments: (a-b) Surface “swelling” and nanocrystallization of a Ag target irradiated by a 100 fs laser pulse below the spallation
threshold;?® (c) formation of polyicosahedral structure of a frozen nanospike generated in the same system at higher laser fluence, in the
spallation regime;?* (d) growth twinning predicted for Ni(111) targets irradiated by 50 fs laser pulses in the simulations and (e) confirmed
experimentally.?® In (a), the atoms are colored by their potential energies, such that the crystalline part of the target is blue, the melted part
is green, and free surfaces are red. In (b), the grain sizes are expressed in units of radii of spherical grains with equivalent volumes; (inset)
the grains are colored according to their crystallographic orientation, and the atoms in the atomic view of the structure are colored such
that the single and double green layers on a light blue background correspond to twin boundaries and stacking faults in the face-centered-
cubic (fcc) structure. In (c), the atoms are colored such that the fcc atoms are yellow, stacking faults and twin boundaries are red, and
other defects are purple. In (d), the coherent and incoherent twin boundaries generated within the top 30 nm region of the irradiated target
are shown as green atomic layers and red regions within the blue fcc crystal, respectively. In (e), superimposed transmission electron
microscope images highlighting the epilayers (blue) and twinned domains (green) in the laser-processed surface region of a Ni(111)
target, and the results of the selected-area electron diffraction (SAED) analysis confirming the presence of twinned domains are shown.

Note: fs, femtosecond; ps, picosecond.

including a region of continuous network of pentagonal
twinned structural elements arranged into a polyicosahedral
structure.?

The computational prediction of the formation of a thin
nanocrystalline layer with high density of twins suggests that
short pulse laser processing is a viable alternative to the severe
plastic deformation® or pulsed electrodeposition® techniques
that are currently employed to yield maximum structural refine-
ment and high strength of metallic materials. Moreover, the
localization of the nanocrystalline structure within a thin surface
layer of the target and the prominent presence of twin boundaries
and pentagonal structural elements are two factors that may also
increase the ductility of the laser-modified layer,’*>** a property
that is generally incompatible with high strength.

Another example of unusual laser-generated defect con-
figurations is the recent observation of nanoscale lamellar
structures of interlaying twinned domains and epilayers in the
surface regions of Ni(111) targets transiently melted and
resolidified following exposure to fs laser pulses (Figure 4¢).?
The results have been explained by atomistic- and continuum-
level simulations performed for the same system (Figure 4d).
The simulations predict the onset of growth twinning at the reso-
lidification front when the temperature drops below a certain
critical level (0.87T,, for the simulated Ni). The results of this
study indicate that growth twinning can be used as a sensitive mea-
sure of the level of undercooling achieved in the transient laser-
induced melting and resolidification of face-centered-cubic
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metal targets/grains with {111} surface orientation. In the
absence of growth twinning, the structural signatures of
the transient melting and resolidification (e.g., generation
of a high vacancy concentration), may be too weak to be
detected by ex situ experimental characterization methods.
In addition, the formation of a thin layer with high density of
growth twins drastically increases the strength of the surface
region.

Laser ablation: From photomechanical spallation
to phase and Coulomb explosions

The process of laser-induced removal of material from an
irradiated target, commonly called laser ablation, is at the
core of many practical laser-enabled applications, including
high-precision cutting and drilling, surface nanostructuring,
pulsed laser deposition of films and coatings, and generation
of nanoparticles with narrow size distributions and well-
controlled compositions. Several mechanisms driving the
collective ejection of material from the irradiated target are
briefly outlined in the next section.

As mentioned, the fast rate of energy deposition by short
laser pulses may lead to the generation of compressive stresses.
The laser-generated stresses are particularly high in the regime
of stress confinement,!”'® when the time of the laser heating
(defined by the laser pulse duration, t,, or the time of the
electron—phonon equilibration, 7, ,,, whichever is longer)
is shorter than the time required for the mechanical relaxation
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(expansion) of the heated volume, in other words, max{z,, T, ,u}
< L/C,, where C. is the speed of sound in the target material
and L, is the effective depth of the laser energy deposition
(optical penetration depth or, in the case of metals, the depth
of diffusive/ballistic energy transport during the time of the
electron—phonon equilibration).'®

The interaction of the laser-induced compressive stresses
with the free surface of the irradiated sample can result in the
generation of a tensile wave sufficiently intense to cause the
formation subsurface voids (Figure 4a). The growth and per-
colation of the voids may lead to the separation and ejection of
a top layer from the target. Analogous to the term “spallation,”
commonly used to describe the dynamic fracture that results
from the reflection of a shock wave from the back surface of
a sample, material ejection driven by the relaxation of laser-
induced stresses is commonly referred to as photomechanical
spallation (admittedly, “cavitation” would be a more appropri-
ate term when the photomechanical processes take place in the
melted part of the target).

Further increase in the laser fluence above the spallation
threshold results in the separation and ejection of thinner
layers and/or multiple droplets from the target, and, at a suffi-
ciently high laser fluence, induces a transition to

of simulations performed at different local laser fluences is
used for representation of the laser-induced processes at the
scale of the whole laser spot.”” Two distinct sections can be
easily identified within the laser spot: the central area, where
the overheated top part of the surface region undergoes an
explosive decomposition into vapor and liquid droplets, and
the periphery of the spot, where spallation of well-defined
liquid layers connected to the bulk of the target by transient
foamy structures of interconnected liquid regions is observed.
Although the liquid layers observed in individual simulations
are flattened by the application of periodic boundary condi-
tions, the integral picture of ablation by the Gaussian laser
beam is likely to involve the peel off of a continuous liquid
layer with its thickness decreasing toward the center of the
laser spot, as shown schematically in Figure 5a by gray stripes
and directly observed in Figure 5d, where a snapshot from
a simulation of Au surface nanostructuring by periodically
modulated energy deposition realized in two-beam interfer-
ence experiments is shown.*

Both spallation and phase explosion provide channels for
effective transformation of the energy deposited by the laser
irradiation into material disintegration and vaporization,

a different ablation regime commonly referred @
to as “phase explosion” or “explosive boiling.” In
this regime, the melted surface region of the irra-
diated target is overheated above the limit of ther-
modynamic stability of the liquid phase,'?!
leading to a rapid decomposition of the over-
heated melted material into a mixture of vapor
and liquid droplets. The transition from pho-
tomechanical spallation to phase explosion is
signified by a sharp (threshold-like) increase
in the amount of the vapor-phase atoms in the
ejected plume,’”*® which reflects the differ-
ence in the physical mechanisms responsible
for the material ejection in these two regimes.
An explosive release of vapor, rather than the
relaxation of photomechanical stresses, pro-
vides the main driving force for the collective
ejection of the overheated surface region of
the target in the regime of phase explosion. In
the case of ablation by longer laser pulses, in the
absence of stress confinement, spallation is not
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Figure 5. (a) Visualization of laser ablation obtained in a series of molecular dynamics

activated and explosive boiling is the mecha-
nism responsible for the direct transition from
the regime of surface melting and evaporation
to the phase explosion.?!

Due to the spatial variation of laser intensity
within laser beams that often have Gaussian
profiles, photomechanical spallation and phase
explosion may coexist and jointly contribute to
the material ejection induced by the same laser
pulse. This is illustrated by Figure 5a, where
a “mosaic approach” combining the results

(MD) simulations of an Al target irradiated by a 100 fs laser pulse.5” The laser beam has a
Gaussian spatial profile with the standard deviation ¢ and a peak absorbed laser fluence
of 2050 J/m?. The snapshots are taken at the same time of 150 ps after the laser pulse
and are aligned with locations within the laser spot that correspond to the values of local
fluence used in the simulations, as shown in the lower part of the panel. The atoms in
the snapshots are colored by their potential energy, from blue for low energy atoms in
the bulk of the target to red for the vapor-phase atoms. The red dots connected by the
red line mark the location of the liquid—crystal interface. (b) Optical micrograph taken

at 800 ps after irradiation of a GaAs target by a 110 fs laser pulse.®® (c) Scanning electron
microscope image of surface morphology generated on a Au target irradiated by two 60 fs
laser pulses.™ (d) Result of MD simulation of surface nanostructuring by the two-beam
interference technique.®® The snapshot is taken at 800 ps after the laser pulse and
colored such that the crystalline and melted parts of the target are blue and green,
respectively. Note: fs, femtoseconds; ps, picoseconds.
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thus creating conditions for rapid cooling and freezing of
the transient liquid structures generated in laser spallation
or ablation.”*” Indeed, the temperature of the liquid—crystal
interface, shown in Figure 5a by the red line connecting red
dots, drops down to the melting temperature of Al by ~600 ps,
and the interface starts to move up, toward the surface. One
can expect that the solidification process will freeze (either
by epitaxial regrowth of the substrate or by rapid homoge-
neous nucleation of the solid phase under strong undercooling
conditions) some of the evolving liquid structures, leading to
the formation of a complex surface nanostructure,'* ¢ such as
the one shown in Figure 5c.

The occurrence of both spallation and phase explosion pro-
cesses within the same laser spot can also be related to the
results of pump-probe experiments,'®6¢! where the observa-
tion of optical interference patterns (Newton’s rings) can be
explained by the spallation of a thin liquid layer from the
irradiated target and the absence of interference fringes in the
central part of the laser spot (Figure Sb) can be attributed to
the transition to the phase explosion regime.

Another possible ablation mechanism intimately connected
to the conditions of electronic nonequilibrium, discussed at
the beginning of this article, is the electrostatic disintegration
of a superficial layer of irradiated material caused by effec-
tive photo- and thermionic emission of electrons and associ-
ated positive charging of the material surface, the so-called
Coulomb explosion (CE).” This mechanism of ablation, which
manifests itself as highly energetic ion emission, has been
widely debated for different materials.®? % The main feature of
CE is the momentum scaling of differently charged ions and
ions of different species in time-of-flight signals®® that sug-
gests their emission and acceleration by the electric field.

The occurrence of CE is defined by the competition
between the laser-induced electron photoemission leaving
behind a positively charged surface layer of the material and
the neutralization of the positive charge by the free electron
current from the material bulk. It was proven theoretically that
at fluences slightly above the ablation threshold, CE can be
realized in wide-bandgap dielectrics while, in semiconduc-
tors and metals, high mobilities of charge carriers prevent
accumulation of the positive charge up to the level sufficient
for disintegration of a surface layer by electrostatic repulsive
forces.” When CE does occur, the exploded material leaves
behind a smooth undamaged surface®® that makes this ablation
mode highly attractive for nanoscale applications (e.g., ultrafine
material polishing). There are indications of the possibility
of CE in semiconductors at laser fluences above the plasma
formation level.®* However, at such conditions, the ions orig-
inating from the CE constitute a small fraction of the abla-
tion products and are masked by the thermal ablation ions,
including those accelerated by the plume double layer (two
oppositely charged parallel layers created in the front of
expanding plasmas due to faster electrons running ahead of
slower ions).®*% In thin metal wires exposed to ultraintense
laser pulses, a substantial fraction of electrons is carried away
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from the wire by the laser field, resulting in electrostatic disin-
tegration of the ionic lattice left behind.®’

Concluding remarks

Rapid expansion of practical applications of ultrashort pulse
lasers into new areas where precise nanoscale control of
material modification is required can only be sustained with
an improved fundamental understanding of laser—materials
interactions. The ability to achieve high spatial resolution in
material modification and microstructure engineering usually
relies on fast and highly localized energy deposition that,
unavoidably, creates conditions of strong electronic, thermo-
dynamic, and mechanical nonequilibrium.

Theoretical and computational description of the materials
behavior far from equilibrium is challenging and requires
the revision of existing (or the development of new) theo-
retical models and computational approaches. In particu-
lar, the intricate connections between the ultrafast material
response to laser excitation, generation of crystal defects,
phase transformations, and mass transfer occurring under
highly nonequilibrium conditions can only be accounted for
by combining the research expertise and theoretical approaches
from different disciplines. Close interdisciplinary collabo-
rations and innovative design of new multiscale approaches
incorporating dissimilar physical concepts and operating at
different time and length scales are needed for disruptive
progress in the theoretical and computational description of
laser—materials interactions.

On the experimental side, the development of advanced
imaging techniques capable of providing time-resolved infor-
mation on the ultrafast structural and phase transforma-
tions is crucial for gaining fundamental understanding of
laser-induced processes. Not unlike the theoretical efforts, the
imaging/probing of different laser-induced processes requires
a combination of optical pump-probe techniques with vari-
able delay and temporal pulse-shaping, advanced diffractive
imaging of transient atomic dynamics and ultrafast structural
transformations, as well as the imaging/probing of ablation
plume dynamics capable of tracking the spatial distribution
and physical characteristics of different plume components.

Overall, investigations of ultrafast laser—materials inter-
actions are expanding the limits of the fundamental under-
standing of material behavior under extreme conditions and
providing opportunities for the generation of new material
phases and microstructures.
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