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Abstract

We have completed modeling of a laser pulse influence on a gold target. We have applied a hybrid atomistic-continuum
model to analyze the physical mechanisms responsible for the process of nanostructuring. The model combines the
advantages of Molecular Dynamics and Two Temperature Model. We have carried out a direct comparison of the modeling
results and experimental data on nano-modification due to a single ps laser pulse at the energy densities significantly
exceeding the melting threshold. The experimental data is obtained due to a laser pulse irradiation at the wavelength of 248
nm and duration of 1.6 ps. The mask projection (diffraction grating) creates the sinusoidal intensity distribution on a gold
surface with periods of 270 nm, 350 nm, and 500 nm. The experimental data and modeling results have demonstrated a good
match subject to complex interrelations between a fast material response to the laser excitation, generation of crystal defects,
phase transitions and hydrodynamic motion of matter under condition of strong laser-induced non-equilibrium. The
performed work confirms the proposed approach as a powerful tool for revealing the physical mechanisms underlying the
process of nanostructuring of metal surfaces. Detailed understanding of the dynamics of these processes gives the possibility
for designing the topology of functional surfaces on nano- and micro-scales.
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AHHOTANMSA

BrimonHeHo MoenpoBaHue BO3ACHCTBHA Ja3ePHOTO UMITY/IbCa Ha 30JI0TYIO MHIIeHb. C 3TOH IIeNbI0 MPHUMEHEeHa THOpHUIHAS
MOJIeJIb, COYETAIOIIasi MOJIEKYISIPHYIO TUHAMHUKY U aHAJIN3 HAa OCHOBE HENPEPHIBHOH (KOHTHHYAJIBHOMH) ABYXTEMIICpaTypHOH
MOZIeTH, cHocoOHas MPOaHATU3UPOBAaTh MEXAaHHM3MbI, OTBETCTBEHHBIE 3a IpOIleCC HAHOCTPYKTypHpoBaHHA. [IpoBeneno
MpSMOC CPaBHCHUE NAHHBIX MOJCITHPOBAaHHUS W 3KCICPUMEHTAIBHBIX PE3yIBTaTOB MO HAHOMOJM(DHKAIIMK TOBEPXHOCTH
OJITHUM JIa3€pPHBIM HMMITYJIbCOM IHKOCEKYHJIHOW JUIMTEILHOCTH IPHU IUIOTHOCTAX 3HEPTUH, 3HAYUTEIHHO MPEBBIIIAIONINX
MOPOT TUIABJICHUS. DKCIIEPUMEHTAIbHbBIE Pe3yJabTaThl MOJYYSHB! IIPU BO3JEHCTBUU JIA3€PHOTO M3JIyUYEHUS C JJIUHON BOJHBI
248 HM 1 MTENBEHOCTEIO UMIyIbea 1,6 nic. Ilpoekus Macku (anppakIMOHHON pEeNIeTKH) Ha TOBEPXHOCTD 30J10Ta CO3/AeT
paciipeneneHie HHTEHCUBHOCTU CHHYCOUaNbHOM Gopmel ¢ mepuonom 500 HM. [IporeMOHCTpHpOBaHO XOpoIlee COBMNAACHIE
SKCIIEPUMEHTAIBHBIX JAHHBIX C PE3ylbTaTaMi MOAEIUPOBAHUS C YIETOM CIIOKHBIX CBSI3€H MEKIY CBEPXOBICTPHIM OTKIMKOM
Marepualia Ha Jia3epHOe BO30Y)KICHHE, TeHepauueldl KpPUCTAUIMYeCKHX Je(eKToB, (Hha30BHIMH MPEBPAILCHUSIMH H
MaccoNepeHOCOM, MPOTEKAIOIIMMH B CHJIBHOHEPAaBHOBECHBIX YCIOBUAX. BrImonHeHHas pa0oTa MOATBEPXKAACT, UYTO
MpeAIaraéMblil MOJIXOI MOXKET CTaTh MOIIHBIM WHCTPYMEHTOM BBISBICHHUS (PH3MUYECKHX MPOIECCOB HAHOCTPYKTYPUPOBAHUS
MOBEPXHOCTH METaIOB. JleTanbHOe IMOHMMaHWE AWHAMHUKH IIpPOIlecca JaeT BO3MOXKHOCTH pPa3padarhIBaTh TOIOJIOTUH
(hyHKIIMOHAJIBHEIX MIOBEPXHOCTEH HA HAHO- U MHKPOMACIITA0aX.

KnioueBbie ci10Ba

VYO na3epHble UMIYIbChI, HAHOCTPYKTYpUPOBaHKE, MOJICIIUPOBAaHHIE, MOJICKYJIIpHAs TUHAMUKA

baarogpapHocTu

Pabora BrImomHeHa mUpM moanepkke MuHHcTepcTBa 00pazoBaHMs W Hayku Poccuiickoit Penepanmu, cornameHne
Nel14.578.21.0197 (RFMEFI57816X0197), a Tarke rpanta POOU Ne 14-29-07227 ODPU-M, cydecuanu [IpaBurenbcTBa
Poccuiickoit ®@enepaunn Ne 074-U01 u rpantoB DFG IV 122/1-1, IV 122/1-2 u TH 17/18-1. ABropsl Giaromapst
obciyxuBatomuidi  epcoHan Cynepkomnbiotepa JluxrenbGepr (dapmmranr, epmanus) 3a OKa3aHHYIO TEXHHYECKYIO
HOAJICPAKKY B IPOLIECCE CBEPXMACCUBHBIX MapaljieIbHbIX BHIYUCICHUH.

Introduction

The growth of ultrashort pulse laser technologies has opened up new opportunities for high-precision
processing of a wide range of materials, including dielectrics, semiconductors, and metals, thus, enabling
numerous practical applications in the fields ranging from micromachining to photonics and life sciences [1-3].
The ability of ultrashort lasers to deposit energy into a much localized volume of the irradiated target makes it
possible to perform very selective material modification and, at the same time, provides unique opportunities for
investigating material behavior and properties under extreme conditions of strong electronic excitation, rapid
heating and cooling, and ultrafast laser-induced mechanical deformation. This can result in the formation of
unique structures in a pre-surface layer of a material affected by the laser deposition [1-3].

The initial non-thermal material response to the ultrafast laser excitation is quick, 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. The rapid electron-phonon equilibration can
produce ultrafast heating rates exceeding 10 K/s, providing, therefore, opportunities for investigation of the
kinetic limits of achievable superheating of solid phases. Indeed, a combination of time-resolved optical, X-ray
and electron diffraction probing of short pulse laser melting [4-6] with theoretical analysis and Molecular
Dynamics (MD) simulations [7, 8] has 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 cause not only the rapid heating and melting of localized surface or internal regions of the target, but also
produce sharp temperature gradients leading to a rapid quenching of the transiently melted 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 irradiated material can lead to cooling rates approaching
10*? K/s. The cooling rates can be even higher, in excess of 10" K/s [9], when the laser energy deposition is
confined not only within the thin surface layer of the irradiated target but also in the lateral dimensions, creating
conditions 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 laser beams [10-11] or taking
advantage of the local field enhancement in the vicinity of a tip of a scanning probe microscope [12, 13]. Since
the number of highly non-equilibrium interrelated processes above can be involved into the material response to
a short laser pulse irradiation and since those processes can take place on a wide spatial and time scales, it can be
difficult, or sometimes impossible, to treat the obtained experimental data with a definite confidence.

In this context, due to its microscopic approach, the MD-based modeling was found to be an efficient
numerical tool for the theoretical investigation of ultrafast non-equilibrium laser induced processes in materials.
Recently, with the combined atomistic-continuum model [14], the kinetics of the induced phase transition
processes is addressed at an atomic level with the MD method. At the same time, the processes of laser light
absorption by conduction band electrons, fast electron-heat conduction, and generated strong electron-phonon
non-equilibrium are described in the continuum with the help of the Two Temperature Model (TTM) [15]. This
combined atomistic-continuum MD-TTM model [14] was successfully used in studying short pulse laser
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induced melting, spallation, and ablation of thin and thick metal targets [16-18].

This work is a continuation of our previously published results [19, 20], where the mechanism of periodic
nanostructuring process was studied both experimentally and theoretically with UV (248 nm) single laser pulses
(with a periodic sinusoidally-shaped spatial intensity profile on the surface of a thick Au target) with the fluences
just above the damage threshold. In the present work, however, the applied incident fluences ranged from near to
significantly above the damage threshold valuing of 125, 160, and 250 mJ/cm? Experiments and simulations are
executed with the same spatial laser intensity period of 270 nm. The spatial irradiation geometry of the
experiment combined with a properly selected model volume gives the opportunity to obtain a direct comparison
of experiment and simulation of nanostructuring of a thick Au target.

To obtain smaller structures, the use of ultrashort UV pulses instead of visible light pulses is advantageous
since the shorter wavelength allows a far better spatial resolution. Meanwhile, the use of pulse length shorter than
the characteristic electron-phonon relaxation time of the material (about 25 ps for gold at the fluencies near the
melting threshold [21, 22]) allows for a complete deposition of the pulse energy in the electronic system before
transferring it to the lattice, thus ensuring highly localized material modifications [23]. For the generation of
deterministic sub-micron periodic patterns various irradiation concepts have been demonstrated. The required
interference of two or more beams has been accomplished by mask projection [24], a two grating interferometer
[25], or a proximity phase mask set-up [26]. A wide range of applications through optimized light coupling in
photovoltaic [27], Light Emitting Diodes (LED) [28], and detector devices [29] can benefit from the gained
knowledge and allow a detailed control of the fabrication process of next generation devices.

The Experiment

Similarly to [19, 20], all surface structuring experiments are accomplished by single pulse exposure using
a combination of interference and mask projection to form a large area sinusoidal intensity distribution on the
sample surface (Fig. 1). The applied two-beam interference (resulting in the sinusoidal pattern) allows reaching
the highest possible spatial intensity gradient, crucial for keeping the simulated volume as small as possible. The
smallest available modulation period d is then only limited by the numerical aperture (NA) of the applied optics
and the laser wavelength A and can be expressed as d = A/2NA. Thus, using a short wavelength of 248 nm and a
large numerical aperture of NA = 0.4, a lower limit for the periodicity of approximately 270 nm is obtained (as
compared to our previous experiments 310 nm). The used laser system consists of a frequency tripled Ti:Sa
system seeding a KrF excimer amplifier producing pulse energies of up to 30 mJ at a wavelength of 248 nm and
a repetition rate of 10 Hz. The pulse length of 1.6 ps is measured by using a frequency resolved optical gating
(FROGQ) trace obtained with a device described in [30]. Single pulses are selected by a shutter. The used pulse
energy is set by a variable attenuator. The flat top central part of the laser beam illuminates the mask comprising
a circular aperture of 1 mm diameter in contact with a Cr-on-quartz grating of lines and spaces with 25 um
period and duty cycle 0.5. The demagnification of the Schwarzschild-objective used for mask imaging is
adjusted to be 25". Consequently, the diameter of the overall projected area on the workpiece is 40 um. Since all
diffracted orders emerging from the transmission grating except the two first orders are blocked, the image is
formed via two-beam interference, resulting in a sinusoidal intensity distribution across the 40 um area. A
schematic view of this distribution is shown in Fig. 1, b. The resulting structures, obtained with the experimental
set-up described above, can be seen as Scanning Electron Microscopy (SEM) images in Fig. 2 for different
incident fluences. The presented images reveal the periodic frozen structures with difference aspect ratio
depending on the applied fluence. One can also see that with the increase of fluence, the number of opened voids
to the surface grows as well. The mechanism of these periodic structures formation, generation and evolution of
voids, and the microstructures character will be investigated with an advance theoretical approach described
below in the next section.

Single laser plust Schwarzschild-Objectiv

248 nm, 30 mJ Diffraction ord. 25 NA=0.4
450-1600 fs 1 _I_| cample

iris

a b
Fig. 1. Mask projection setup for a periodic surface structuring of an area of 40 uym. A sinusoidal interference
pattern with a period of 270 nm is obtained by using only the + 1% diffraction orders (a). Schematic shape
of the incident fluence distribution (Finc) created by an ideal single laser pulse self-interference of two beams
under a certain angle (b)
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; -~
125 mj/cm?

Fig. 2. SEM pictures showing surface modifications from a single laser pulse with periodic line spacing of 270 nm
corresponding to the periodic irradiation pattern created by two beam interference for the incident fluences
of 125 mJ/cm? (a), 150 md/cm? (b), 175 md/cm? (c), and 200 mJd/cm? (d). Small segments of a larger structured
area on a thick gold sample at four different average incident fluences are shown. The sample was tilted
in the SEM by 45° relative to the electron beam axis to increase the contrast. The figure is taken from Ref. [19].

The Model

The essential concepts and applications of the combined atomistic-continuum model MD-TTM to study
the evolution of metallic solids excited by an ultrashort laser pulse are described in details in [14]. The model
consists of two parts: the atomic motion is described within the MD approach, whereas a diffusion differential
equation for electrons is accounting for the effect of free carriers via their temperature dynamics (see Egs. 3 and
4 in [14]). Thus, the combined model provides a detailed atomic-level description of the kinetics of fast non-
equilibrium processes, of laser melting with atomic resolution and, at the same time, in continuum ensures for
the adequate description of the laser light absorption by conduction band electrons, the energy transfer to the
lattice due to electron-phonon coupling, and the fast electron heat conduction (see Fig. 2 in [14]). Based on the
atomistic-continuum approach, the MD-TTM model was further developed for the simulation of nanostructuring
processes of metal targets in a multiprocessing algorithm (running in parallel) to be applied in large scale
modeling tasks. For the case of modeling nanostructuring of thick metal targets with an UV laser pulse on the
experimental scale the model is in details in [19, 20], whereas its successful applications for the case of thin
targets can be found elsewhere [31, 32].

The schematic view of the total computational cell utilized in the simulation of the nanostructuring
process can be seen in Fig. 3. The idea of modeling on the experimental scale is based on symmetry utilization of
the experiment described above, see Figs. 1 and 2. The laser beam, sinusoidally shaped in one dimension (),
leaves a uniform laser intensity distribution in X direction. Dealing with the size of the laser spot of about 40 pm
in diameter (flat top in X and sinusoidal shaped in Y), its central part will therefore not be affected by a diffusion
process in X direction up to the order of 1 us of the experimental time. This estimated time is confirmed in
preliminary calculations using the TTM approach [15]. Considering this time as long enough for the formation
and solidification of the nanostructures [32], this provides a possibility for Periodic Boundary (PB) conditions in
X during our simulation time (up to several ns). As a result, since we do not expect any temperature and pressure
gradients in the lateral direction parallel to the grating lines (X), for a simulation allowing for identical
comparison with experiment, we constructed the computational cell as schematically shown in Fig. 5. The Au
MD supercell consisting of 160,000,000 atoms was taken with dimensions of (40x270x200) nm in X, Y, and Z
directions respectively. In order to avoid unnecessary and expensive MD integrations in deep bulk of the
material, at a certain depth from the surface (in Z direction) we impose Non Reflective Boundary (NRB)
conditions. Demanded by the investigated physics, the MD-TTM model was applied only above that limit. The
NRB conditions were described in [33] and modified in [32] for the case of a nanostructuring experiment. The
NRB conditions, however, are transparent for the heat flux, and the ordinary TTM model was solved beyond the
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NRB taking the electron and phonon temperature dynamics into account on a scale up to 50 pm away from the
irradiated surface. Thus, with the described computational cell we simulate a thick Au target with atomic
resolution within 200 nm from the surface in the assumption that no phase transition would take place beyond
the NRB. This assumption was verified in all our simulations.

The characteristic size of liquid nuclei forming during the laser-induced phase transition process and their
initial evolution in the development of the liquid phase has been determined in our previous works to be of the
order of 10 nm [18, 31, 32]. For the applied fluence regime therefore, we consider the width of 40 nm in X for
the slice of modeled material big enough for a safe application of the PB conditions in that direction. A Free
Boundary (FB) is imposed at the top, where the material is irradiated with a laser pulse. Finally, we impose PB in
Y direction with the size of MD-TTM domain equal to the period of the sinusoidal pulse shape. In essence, it
does not matter where the pulse is centered with respect to the MD domain in Y direction. For convenience, we
adjust the maximum peak of the laser intensity to the central point of the sample in Y direction. The subsequent
multiple translation of this distribution in X and Y direction will reproduce the intensity profile as it is given by

the experimental setup, see Fig. 1.
MPI exchange at
1 ‘ processor border 1 L
:

f ,n'sf-";{-"l MD'TTM. :
1 i e - Lomelae B
A pd
ot drird il electron conduction
1 2 <3 I T [ Ny | abekeds Lo .
ol & ikt i A it St ¥ S i iy B
" o Te- Ti‘)h —}FA .ep?:—> F:, p
I [ el
1 '1'“1"':% 7/ 1 ©oogq 1
[ SPaTE - e e T e R r--=4-
2 WA b T |
Ak ) <8I .
. . o 3k Mg
tflml/thlckgold allget % M o ]

Fig. 3. Schematic representation of the total computational cell divided to the number of processors Nproc
(256 in this modeling in Y direction) with utilization of the Message Passing Interface (MPI) library (a).

In each processor geometry, a combined atomistic-continuum model MD-TTM was realized in 3D-space (based
on cut-off distance of the interatomic potential reutof ) Subject to find the temperatures of electrons T and phonons
Ton, pressure P, and density p for a given laser source S(r,t), where r is the position in space and t is time. The
energy exchange between electrons and phonons AEeph is accounted for in the model each MD time step. (b).
SEM picture (Fig. 2, a) of periodic nanostructures on Au (c) and schematic representation of the computational
cell used in the super large scale modeling of this process on the experimental scale (d). PBC are the periodic
boundaries. The non-reflective boundaries are transparent for the heat fluxes

The MD-TTM domain was divided into a 3D mesh with nm?® unit cell and the thermo-physical properties
of the atomic subsystem (such as temperature and pressure) were averaged over the closest 26 neighboring cells
(that totally accounts for about 2,500 atoms) to suppress their value fluctuations due to MD noise [14, 32]. The
choice of the mesh size is justified, on one hand, by its minimization for the efficient neighbor list search and
calculations of forces in the MD part. On the other hand, the cell must be big enough to accommodate a group of
atoms large enough to introduce their statistical description (under assumption of quasi-equilibrium) for a
reliable determination of their macroscopic quantities.

In order to have a possibility for the direct comparison of simulation with experiment, the MD-TTM
model has implemented a realistic interatomic potential. For this purpose, we choose the Embedded Atom
Method (EAM) implementing the interatomic potential by Zhakhovskii et al. [34], optimized for Au. For an
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equilibrium crystal at P = 0 GPa and T = 0 K the potential gives —367.609 kJ/mol for the cohesive energy, 179.4
GPa for the bulk modulus, and 0.4065 nm for the lattice constant. Furthermore, this potential represents the
experimental thermophysical properties of the modeled material (such as equilibrium melting temperature, heat
capacity, volume of melting, and linear thermal expansion coefficient) with an accuracy of more than 99.5%
[35]. A more detailed description of the model used to describe periodic nanostructuring of metals with UV laser
pulse can be found elsewhere [19, 20].

Finally, the computational supercell setup, schematically shown in Fig. 3, was run across 256 processors
for 30 days resulting in a simulated experimental time of up to 1000 ps of the nanostructuring process for three
different applied incident fluences of 125, 160, and 250 mJ/cm?. In order to perform such a super large-scale
simulation, the MPI (Message Passing Interface library) version of the atomistic-continuum model MD-TTM
was adopted, optimized, and used as described in [32]. The processors space geometry 1x256x1 along the X, Y,
and Z axes was chosen correspondingly for a better load balance during the whole simulation. This choice is
governed by our expectation that the laser-assisted material expansion process will proceed upwards and the
number of atoms to be processed by each processor therefore will roughly stay the same.

Results and Discussions

In general, the mechanism responsible for the nanostructuring process is similar to that described in [31]
with a simplified model and later confirmed in a super large scale modeling of nanostructuring of thin [32] and
thick metal targets [19, 20]. Namely, the relaxation of the laser-induced compressive stresses generated under
conditions of the inertial stress confinement [16, 36] serves as the main driving force responsible for the
acceleration of a transiently melted region of the target with subsequent bloating of a nanostructure. Fast electron
heat conduction, on the other hand, proceeding by two- or three-dimensional mechanism (depending on the
experimental geometry), results in the electron temperature falling significantly below the temperature of atoms
in the molten volume. In this case, the electrons, due to electron-phonon energy exchange, provide the conditions
for the fast cooling of melted material and rapid solidification of a surface feature generated in the process of
hydrodynamic motion of the liquid material.

solidification

Finc=130 mJ/cm*
Faps=87 md/cm?

CSP
05

H 0.45

104
—10.35
103
0.25
0.2 c
nanocrystalls
—10.15
0.1
0.05
0

Sample of:
X=40 nm
Y=270 nm
Z=200 nm

solid<0.08<dislocations<0.00<liquid<0.25<surface<0.5<vapor

d

Fig. 4. SEM images of the 270 nm periodic structures (a) with the incident fluence Finc of 130 mJ/cm?
(corresponding to the absorbed fluence Faus of 87 mJ/cm) are directly compared with the result of an atomistic
simulation of the nanostructuring process (b). The atoms are colored with Central Symmetry Parameter (CSP) for
distinguishing the atoms with local order (solid — dark blue) from those of disordered structures
(grain boundaries — blue, liquid — light blue, surface green, and vapor — red). The magnified view of the final
internal microstructure is shown in (c) and (d)

The snapshots of atomic configurations, shown in Fig. 4, reveal the formation of dislocation planes during
the simulations in {1,1,1} directions. Being deviated too much from a perfect Face Center Cubic (FCC)
crystalline structure, those atoms, characterized by a higher Central Symmetry Parameter (CSP), appear in light
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blue color, still possess a higher order than that in a liquid, shown by blue color. One can conclude that as a
result of thermal expansion of the material in response to the fast laser heating, a number of dislocation planes is
induced and propagate in the directions with the lowest energy {1,1,1} and eventually form stacking faults. The
generated stacking faults have a higher energy barrier for further dislocation planes propagation and stop them as
a result. In fact, such a stacking fault organization would reinforce the material, working similarly to that
described in short pulse laser peening experiments on steel [37—-39] and theoretically studied in semiconductor
solids [40].

The resulting snapshots presented in Fig. 5 also illustrate a complex interplay of fast laser melting, rapid
cooling, resolidification, and relaxation dynamics of laser-induced stresses in the surface region of a gold target
during the nanostructuring process at the incident fluence of 160 mJ/cm? The monocrystalline layer with
ultrafine grains (with the size of less than 5 nm) is produced by massive homogeneous nucleation of a solid
phase triggered by a deep undercooling of the melted surface region down to below than 0.7T,, (below 1000 K)
and features random crystallographic orientation of nanograins. The enlarged atomic-scale views of the surface
microstructure are shown in Fig. 4 and Fig. 5 reveals a high density of stacking faults and nanograins. Because
of the higher fluence as compared to that used in Fig. 4, the internal structure includes a number of solidified
features inside of the hollow surface nanobarrier. The formation of similar structural elements has also been
observed in frozen nano-spikes generated in the spallation regime, in recent MD simulation by Zhigilei et al [41].

B [T [ [ Tm CsP
0 0.1 0.2 0.3 04 0.5
solid<0.08<dislocations<0.11<liquid<0.25<surface<0.50<vapor

time=1000 ps

Finc=160 mJ/cm*
Faps=107 md/cm?

X=40 nm
Y=270 nm
Z=200 nm

Fig. 5. Atomistic snapshots taken at the end of modeling at t = 1000 ps and obtained in simulation of the periodic
nanostructuring process of thick Au target at the incident fluence of 160 mJ/cm?. Similarly to that of Fig. 4,
the atoms are colored according to CSP value. A detailed view on the microscopic structure of the internal

structures can be seen in magnified boxes

The computational prediction of the formation of a thin nanocrystalline layer with high density of grains
suggests the short pulse laser processing as a viable alternative to the severe plastic deformation [42] or pulsed
electrodeposition [43] techniques that are currently employed to yield the maximum structural refinement and
high strength of metal samples. Moreover, the localization of the nanocrystalline layer within a thin surface layer
(up to about 50 nm deep) of the target and the prominent presence of grain boundaries are two factors that may
also increase the ductility of the laser-modified layer [44-46], a property that is generally incompatible with high
strength.

As already mentioned above, 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 [16, 36], when the time of the laser heating (defined by the laser pulse duration, t,, or the time of
the electron-phonon equilibration, t._g,, whichever is longer) is shorter than the time required for the mechanical
relaxation (expansion) of the heated volume, i.e., max{ty, Tepn} < L,/Cs, where Cs 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 latter can be a function of electron heat conductivity and for the same pulse duration can
significantly alter the value of L, depending on the applied fluence [47].

The case of onset of the spallation regime during the nanostructuring process is depicted in Fig. 6 as a
sequence of snapshots taken from the simulation with the applied fluence of 250 mJ/cm?. The relaxation of the
laser-induced stresses formed in the material under conditions of inertial stress confinement [16, 36] induces
strong tensile stresses (about —4GPa) that in the liquid part of the material exceed the material strength (the
atmospheric pressure, on the order of 0.1MPa is a negligible contribution here) and promotes the formation of
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voids, the precursor of a spallation process [16, 17, 48, 49]. The mechanism of voids formation was investigated
in details for metallic and molecular solids in [16]. It was found that if the conditions for inertial stress
confinement are fulfilled under the applied irradiation parameters [16, 17, 36], the critical size of voids and the
rate of their nucleation are governed by the combination of both quantities of the induced tensile forces (negative
pressure) and the atomic temperature. The range at which the characteristic temperature and pressure gradients
are established by the time of the electron-phonon equilibrium is related to the effective laser energy deposition
depth. It was shown that for short laser pulses (shorter than the characteristic electron-phonon equilibration time)
this depth can be approximated as a function of the material properties at the applied fluence [23, 36, 47, 50, 51].
The growth and percolation of the voids may lead to the separation and ejection of a top layer from the target. By
analogy with 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, the material ejection driven by the relaxation of the
laser-induced stresses is commonly referred to photomechanical spallation. In Fig. 6, one can see that at the
highest fluence used in this work, the ejecting material is represented by the pre-surface layer opening to the
external ambient and forming the features that were observed in the experiment (Fig. 2, c, d).

t=50ps .. t=200 ps | |

) 1 Fine=250 md/cm* "

_ Fap=168 mJ/cm’ 400 nm

600 nm

Fig. 6. The sequence of atomic snapshots taken at times 50, 200, 500, and 1000 ps, revealing the dynamics
of the nanostructure formation at the fluence 250 mJ/cmZ, that is well above the ablation threshold for Au.
The atoms are colored by Central Symmetry Parameter (CSP) parameter

Moreover, due to the spatial variation of laser intensity within laser beams that often have Gaussian
profiles, both mechanisms of the material ejection photomechanical (large number of clusters and chunks of the
material) and photothermal (large number of vapor particles) may coexist and jointly contribute to the material
modification induced by the same laser pulse. This is illustrated in Fig. 6, where a number of free volatile atoms
contribute to the total material ejected mass. Thus, both photomechanical and photothermal spallation
mechanisms are providing channels for effective transformation of the energy deposited by the laser irradiation
into material disintegration and vaporization, 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 is already below the melting temperature of Au (measured as T = 1000 K and less than 0.7 T by the
time of about 600 ps, and the interface is moving up, towards the tip of the nanofeature. As a result, the general
picture of the nanostructuring experiment at the fluence above the ablation threshold is like to involve the peel
off of a continuous liquid layer with its thickness decreasing towards the center of the laser spot, periodically
modulated by energy deposition realized in two-beam interference [19, 20]. Such behavior was also predicted in
a mosaic-like reconstruction of the ablation process due to a focused laser spot on silver target presented in [52].

As a result of the presented research, the formation of the final periodic nanostructures on thick Au targets
has been investigated both theoretically and experimentally, Fig. 7. In order to simulate the nanostructuring
process a hybrid atomistic-continuum (MD-based) super large-scale modeling was applied, which allowed a one-
to-one comparison with experiment. The corresponding experimental results were obtained producing an
intensity grating on a gold surface with a sinusoidal shape, using single UV-femtosecond laser pulses [19]. The
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final surface structures were investigated by SEM while the preparation of a TEM cross section allowed a
detailed look beneath the surface. The high resolution of the latter technique allowed a direct comparison of the
experiment with the results of MD simulation on an atomic scale showing a very good agreement. In Fig. 7, a,
one can see that at the applied fluence of 130 mJ/cm? the resulting snapshot from the atomic simulation reveals
an empty space beneath the surface, that corresponds to the lighten area (platinum) obtained by FIB technique
upon the post experimental treatment of the gold sample. Fig. 7, b, predicts the formation of large number of
monocrystalline structures inside the pre-surface void at the applied fluence of 160 mJ/cm® And, finally, the
highest applied fluence of 250 mJ/cm? (Fig. 7, c), leads to a separation of a thin layer, which opens up to the
surface and, simultaneously with the solidification process, forms the closing nanowalls on the sample surface.

130 md/cm? 160 mJ/cm? 250 m/cm?

&N Foe o
- %t . ces -g,gx.*

nm

125'mJ/cm?

-
I

a b c

Fig. 7. The obtained in simulations final structures are directly compared [19] with the corresponding experimental
SEM images of 270 nm periodic nanostructuring of gold targets with three different average incident fluences
shown in columns for 130 mJ/cm? (a), 160 mJ/cm” (b), and 250 mJ/cm? (c). For the case (a), the obtained
structure was treated by Focused lon Beam (FIB) method to prepare a cross section, shown in Transmission
Electron Microscopy (TEM) image for visualization of the internal structures in the center of (a). For the case (b),
the areas of the atomic snapshot in black rectangles are zoomed for better visualization of the obtained internal
polycrystalline structures. The red rectangle on the SEM image in (c) shows the relative position of the
computational cell when simulating the nanostructuring process. In all atomic snapshots, taken at the final time of
1000 ps, the atoms are colored according the CSP indicating gaseous atoms (red), surface (green), liquid
ambient (light blue), dislocation planes and defects (blue), and the atoms with crystalline surrounding (dark blue)

Conclusion

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

Theoretical and computational description of the materials behavior far from the equilibrium is
challenging and requires the revision of existing (or development of new) theoretical models and computational
approaches. In particular, the intricate connections between the ultrafast material response to the 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. Close
interdisciplinary collaborations and innovative design of new multiscale approaches (such as MD-TTM model)
incorporating dissimilar physical concepts and operating at different time- and length-scales are needed for
making a significant progress in the theoretical and computational description of laser-material interactions.
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The presented work revealed one of the concepts of the internal structures formation on the example of
nanocrystalline character of the structures, obtained in the periodic nanostructuring experiments with short UV
laser pulses. The applied MD-based model allowed for the direct comparison of the simulated and experimental
results and revealed their close match. The demonstrated approach, therefore, opens the way to predict properties
of surface modifications for industrial applications. This fact emphasizes that the understanding of these
processes on an atomic scale and being able to precisely simulate them provides a powerful tool for designing
new nano-technology applications.
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EBrenuii bopucoBuy fIxoBjieB — TOKTOp TEXHHYECKHX HayK, mpodeccop xadenps Jlazep-
HBIX TexHoJorui n cucreM YHusepcurera UTMO (1. Cankr-IlerepOypr). Oxonunn Jlenun-
rpajCKUil MHCTUTYT TOYHOM MEXaHUKH W onTHKU. B 1985 r. 3ammTui kaHAMIaTCKyIo Iuc-
CepTaluio no CrneuruajibHOCTH «Dusznyeckas OJICKTPOHHKA, B TOM YHUCJIC KBAHTOBas», a B
1999 1. — [OKTOPCKYIO JAMCCEPTALHUI0 MO CHEelUaTbHOCTH «ONTHYEeCKHEe W ONTHKO-
aneKTpoHHBIe prbops». Harpaxknen npemusimu [Ipesuauyma AH CCCP 3a myumyro Ha-
yaHyto paboTy mo HampasieHnto «DyHaaMeHTaJIbHBIE MPOOIEMBI MHKPOIIEKTPOHHKA
(1976 1.), MunBy3a CCCP 3a myuymryro Hayunytoo padorty (1983 1.), [IpaButenscta PO B
obmactn oOpasoBaHns «Co3aHNEe WHHOBAIMOHHON HAay4IHO-00Pa30BAaTENHHON CHCTEMBI
MOJITOTOBKH KaJpOB BBICIICH KBadH(UKAIMU B 00TAaCTH JIa3epHOI TEXHOJIOTHH 00pabOTKU
MarepuanoBy (2010 r.). UiieH mporpaMMHOTO KOMUTETa CEPHH MEXIYHAPOIHBIX KOH(pEpeH-
it «Fundamentals of Laser Assisted Micro— and Nanotechnologies» (FLAMN). O6macth
Hay4YHbIX WHTEPECOB — BSaI/IMOZ(GfICTBI/Ie JIa3€pHOI'0 U3JIy4YC€HUSA C BCUIECTBOM, JIa3€PHBIC
TexHOJOTUH. ABTOp Oosee 160 HaydHBIX W METOAMYECKHX PaboOT, MaTeHTOB. [JTaBHBIN pe-
nakTop xypHana «M3Bectus By30B. [Ipubopoctpoenue», sxcrept PAH.

Evgeniy B. Yakovlev — D.Sc., Professor of Laser Technologies and Systems Department of Saint Petersburg State University
of Information Technologies, Mechanics and Optics (ITMO University). He has graduated from Leningrad Institute of Fine
Mechanics and Optics. In 1985 he obtained his PhD degree with specialization of "Physical Electronics including Quantum
One" and in 1999 he presented his habilitational thesis with specialization of "Optical and Optoelectron Devices". He was
awarded with the Prizes of the Presidium of the Academy of Sciences of the USSR for the best scientific research in the
direction of "Fundamental Problems of Microelectronics™ in 1976, the USSR Ministry of Higher Education Institutions for
the best scientific research in 1983, the Government of the Russian Federation in the field of education "Creation of
innovative scientific educational system for key personnel training in the area of material processing laser technology” in
2010. He is a member of Program Committee for a number of international conferences «Fundamentals of Laser Assisted
Micro— and Nanotechnologies» (FLAMN). His scientific interests are: Laser-Mutter Interaction, Laser Technologies. He is
the author of more than 160 scientific and methodology works, patents. He is an Editor-in-Chief of the magazine "News of
Higher Educational Institutions. Instrumentation”, RAS Expert.
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Maprun E. T'apensi — npodeccop Yausepcutera r. Kaccens, oTaeneHine MareMaTrik U ecTe-
CTBeHHBIX HayK. OkoHum1 nHcTHTYT basceiipo (bapunomku, Aprentuna) B 1984 . mo cnenu-
anpHOCTH «@usukay u B 1992 1. 3amuTun kanauaarckyio auccepramuo (PhD) B bepnun-
ckoM YHuBepcutere. [locne paboTel MitagmimM HayuyHbIM coTpyaHukoM (PostDoc) B Coenu-
HeHHbIX [llTatrax Amepuku u Mcnanuu BepHyincs B bepnunckuii Yausepcurert, rae 1o 1999
T. TIPOXOAMII JOKTOPAHTYpy Ha Kadeznpe TeopeTndeckod ¢usmku. BrocinexcTBnu 3aHnMan
BpEeMeHHBIe Mo3HIMHu Ipodeccopa B YHuBepcutere I. I'pelicBanpn (I'epmanus) U npwuria-
mreHHoro npodeccopa B Mcnannu u Mekcnke. B 2004 1. moqy4ns MOCTOSIHHYIO MO3UIHIO
npodeccopa Ha OTIENEeHHH TeopeTndeckoil ¢pm3ukn Yausepcurera I. Kaccens (I'epmanmus).
Tam xe ¢ 2006 mo 2008 rr. mpodeccop 'apcust 3aHUMAIT TOIKHOCTH 3aMECTHTENS AeKaHa
Ha OTACICHUU €CTCCTBCHHBIX HAYyK. OO6iacth ero Hay4YHBIX UHTCPECOB 06H_II/IpHa M BKJIKO4a-
/ P eT B ce0sl M3y4eHHe HICKTPOHHBIX, ONTHYECKUX M AU(PQY3NOHHBIX CBOWCTB TBEPHBIX TN U
HaHOCTPYKTYP, IPOIECCOB (a30BBIX NMEPEXOI0B, MHAYLINPOBAHHBIX JIA3€PHBIM H3ITydCHHEM,
6I/IO(1)I/13PI‘ICCKPIX IIPOLECCOB CBEPTHIBAHUA OEJIKOB U MEXKIIETOYHOM KOMMYHUKaIluU.
Martin E. Garcia has studied Physics at the Instituto Balseiro, Bariloche, Argentina. He obtained his PhD in Physics at the
Free University of Berlin in 1992. After PostDoc position in the USA and Spain he returned to the Free University, where he
obtained his Habilitation in Theoretical Physics in 1999. A temporal appointment as a Professor at the University of
Greifswald, Germany, followed. After positions as invited Professor in Spain and Mexico he obtained a permanent
appointment as a Professor for Theoretical Physics at the University of Kassel, Germany in 2004. He was a Vice Dean of the
Department of Natural Sciences between 2006 and 2008. His research interests are quite broad, ranging from electronic,
optical and transport properties of solids and nanostructures, interaction of lasers with materials, laser induced phase
transitions, up to Biophysics (protein folding and intercellular communication).

[utep Cumon — pykoBomurens otaena “KopoTknx MMOynpcoB W HaHOCTPYKTYp  JlasepHoit
JlaGopropun I'ertrnrena, 'epmanusa. B memowm, ero mccinemnoBaHus HaMpaBlIeHBI HA IPUMEHE-
HUE CBEPXKOPOTKHX Ja3epHBIX UMITYJICOB B CO3JaHUU SKCTPUMAJIbHBIX KOHIIEHTPALUI 3HEp-
MU B TPOCTPAHCTBE U BpeMeHH. [10100HBIC MCTOUYHUKH SHEPTUH IMO3BOJIAIOT TeHEPHUPOBATh
KpaiiHe BBICOKME MHTEHCHBHOCTHU IPHU JOCTATOUYHO YMEPEHHOW JOCTaBISIEMOW SHEPIUU U C
BBICOKOI CTENEHBIO KOHTPOJIA. braromapst 3Tomy, CBEpXKOPOTKUE Ja3epHBIE UMITYIIBECHI 00Ja-
JAK0T OTPOMHBIM NOTCHIIUAJIOM I HpI/IMéHSHI/Iﬁ B COBPEMEHHBIX TEXHOJIOTUYCCKUX IIPOLICC-
cax. [IpeaMer ero TeKymux UCCIECAOBAHUI BKIIIOYAET B ceOs TeHEPALUIO W KOIPECCHIO Ja3ep-
HBIX UMITYJIbCOB C BBICOKOW PHEpPIruel M JJIMHHOH B HECKOJIBKO IEPUOMIOB, a TAKXKE CyOMHUK-
PpOHHasI CTPYKTYpH3aLUsl TOBEPXHOCTEN TEXHONOTMUYECKUX MaTepUaoB.

Peter Simon is a head of the Department ‘Short Pulses / Nanostructures’ at the Laser La-
boratory Goettingen, Germany. His research in general is devoted to the usage of ultrashort
lasers pulses and their ability for extreme concentration of energy in time and space. Such
sources allow the generation of very high intensities while delivering only moderate ener-
gies in a well-controlled manner. Therefore the ultrashort-pulse laser technology holds great
potential for applications in a row of contemporary technology branches. The subjects of his current research include the
generation and compression of energetic few-cycle pulses, and the submicron-scale surface texturing of technical materials.

KOpren Uneman — crapumii Hay4HbIi coTpynuuk JlasepHoit Jlaboparopun ['errunrena, ['ep-
MaHUs. 3aIIUTIII JUIDIOM IO CrieluanbHOCTH (u3nka B 1984r. u B 1987r momydun ydeHyro
creriesb PhD 1o ¢usnyeukoii xumun B yausepcutere Iertunrena. C 1984 o 1988 rona pa-
6oran Uucturyre brnodgmsndeckoit Xumin Maxkc-Ilnanka B [eTTuHreHe, riae 3aHUMAiCS MH-
KOCEKYHTHOM JIa3epHOii criekTpockormei. B 1989r. Hauan pabory B JlasepHoit Jlaboparopun
lertuHrena, rae w3ydan oOpa3oBaHHE NEPUOAWYECKHX HAHOCTPYKTYP, CT€HEPHPOBAHHBIX
KOPOTKOUMITYJIbCHBIM JIa3€PHBIM HU3JIy4YC€HUEM, YTO OCTAC€TCA OCHOBHBIM HAIIPABICHUEM HC-
cienoBanmii FOprena Mnemana nmo Hacrosmee Bpemsi. OOpa3oBaHHE TaKUX CTPYKTYp Ha MO-
BEPXHOCTHU METAJIOB, MTOJYIIPOBOJAHHUKOB, TUIJICKTPHUKOB UJIN ITOJIMMEPOB MOXKET NIPUBOAUTH K
NOJYYEHUIO Mar€pruajioB ¢ HOBbIMH YHUKaJIbHBIMU CBOMCTBAMHU WJIM C OCOOLIMH CJICKTpUYC-
CKUMH HJIM MEXAaHUYECKUMH XapaKTCPUCTUKaMU B HYaCTHOCTH. B 3aBucuMOCTH OT CBOMCTB
Marepuaia 1 MOp(hOJIIOTUH MOJyYaeMbIX CTPYKTYp, MOTYT OBbITh peali30BaHbl HOBBIE YCTPOii-
CTBa TaKU€ KaK: MUKPO-JIa3€pbl, ONTHUYCCKUE HAHO-IIEPEKITIOYATEIN, ONTUICCKUE ychOﬁCTBa
XpaHeHus1 HH(popMaIiu, GHO-CEHCOPBI WM TeHepaTophl 3alllUTHI IPaB Mpou3BoauTess. bonee
TOro, MOJY4a€MbI€ HAHOCTPYKTYPHUPOBAHHBIE IMMOBEPXHOCTU MOTYT OBLITH MCIIOJIE30BaHbI JUJIsL
yy4dimeHus TpI/IGOHOFI/IlIeCKI/Iﬁ CBOMCTB Mar€puajioB, AJi1 YMEHBIICHUSA NMOTEPL BbI3bIBACMbBIX
OTPAXCHUEM, 11 U3BMEHEHUS CMaYUBa€MOCTH, B OUOTEXHOJIOTUSX UK B TOBEJIMPHBIX pa60TaX.

Juergen lhlemann is a senior research scientist at the Laser Laboratory Goettingen, Germany. He received his diploma in
physics (1984) and Ph.D. in physical chemistry (1987) from the University of Gottingen. From 1984 to 1988 he was with the
Max-Planck-Institute for biophysical chemistry, Gottingen, where he was working on picosecond laser spectroscopy. In 1989
he joined Laser-Laboratorium Gottingen, where the study of ultrashort laser pulse generated periodic nanostructures became
one of the main topics of his present research.Such structures on the surface of metals, semiconductors, dielectrics or
polymers can generate new unique material properties with very special electrical or mechanical characteristics. Depending
on the specific material parameters and the morphology of the structures, new devices like micro-lasers, optical nano-
switches, optical storage devices, bio-sensors or anti-fraud features can be realized. Furthermore, surface textures can be used
to improve the tribological properties of special tools, for the reduction of reflection losses, to modify the wettability or the
cell growth properties or as decoration elements for the refinement of precious goods.
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