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Preface

In 1964, Charles Hard Townes, Nikolai G. Basov, and Alexander M. Prokhorov were award-
ed the Nobel Prize in Physics for their “fundamental work in the field of quantum electron-
ics, which has led to the construction of oscillators and amplifiers based on the maser-laser
principle.” These very important studies had been accomplished around 10 years before re-
sulting in the appearance of what is called laser today. Shortly after the demonstration of the
first laser, the most intensely studied theoretical topics dealt with laser-matter interactions.
Many experiments were undertaken to clarify the major ablation mechanisms. At the same
time, numerous theoretical studies, both analytical and numerical, were proposed to de-
scribe these interactions. It was demonstrated that interaction mechanisms depend both on
the main parameters of laser systems, such as pulse wavelength, temporal and spatial shape,
duration, repetition frequency, and fluence, and on a wide range of material parameters de-
termining their optical, thermal, and mechanical properties. Many experiments were under-
taken to clarify the mechanisms of the extremely complex process involved in laser ablation.
At the same time, numerous models, both analytical and numerical, were proposed to de-
scribe laser interactions. In these models, different experimental conditions were considered,
and several terms were proposed to denote the processes occurring during laser action on
different materials. Thus, “laser ablation,” “evaporation,” “desorption,” or “sputtering” —all
these terms are relevant to the interaction of a laser beam with a solid (or a liquid) surface
that results into transition of the surface particles into a gas phase. For simplicity, here we
will use mostly the term “laser ablation.” One of the main advantages of this technique is
the simplicity of the experimental setup. The other advantage is the possibility of adjusting
the experimental conditions in order to obtain the desirable treatment quality.

Both experimental and theoretical studies paved the ways toward the development of nu-
merous laser applications, ranging from laser micro- and nanomachining to material analy-
sis, nanoparticle and nanostructure formation, thin-film deposition, laser propulsion, etc.
Some of them are based on unique properties provided by laser ablation, such as bare and
chemically clean nanoparticles produced in liquids, clean and proper craters produced due
to reduced thermal effects, extremely small and well-controlled 3D objects formed by two-
photon polymerization, very precise material analysis including bacteria and explosive ma-
terials, etc. Among promising industrial applications, one can also mention laser cleaning,
laser-induced forward transfer, surface nanostructuring, molecular mass spectrometry, laser
surgery, etc. In addition, it was shown that lasers could be used not only to remove the ma-
terial but also to modify material properties or even to create novel materials. Recently, even
more promising laser applications have been proposed, including biomedicine, catalysis,
photovoltaic, and optical memories. This field, thus, is under constant development, and
even more impressive progress can be expected in the nearest future.



Xl

Preface

This book intends to provide the reader with a comprehensive overview of the current state
of the art in laser ablation, from its fundamental mechanisms to several recent applications.
The book contains 3 main parts and 13 chapters, as follows:

The first part deals with the fundamentals of laser ablation and contains the chapters fo-
cused both on the experimental studies and on the numerical modeling.

The second part is focused on several ablation analysis methods. Importantly, measure-
ments of laser plasma properties are essential for better understanding of laser ablation ex-
periments. Typically, plasma spectroscopy was used for this. However, new additional
techniques have been recently developed and shown to be promising. The chapters present-
ed in this part describe some of these methods.

The third part provides an overview of several applications. This part is the longest of the
book. As it was noted above, laser applications can be very different, ranging from novel
and developing medical applications to much more established thin-film deposition or the
detection of explosives and other harmful substances.

It is worth underlining, finally, that this book can be helpful not only for the experienced
researchers but also for students and engineers that have just started to work in the field of
laser ablation. In fact, even if it is not aimed at providing a complete picture, it gives an
overview of the main mechanisms and applicative issues of laser-matter interactions.

Tatiana E. Itina

CNRS Research Director/Research Professor,
Hubert Curien Lab., University of Lyon,
Saint Etienne, France
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Chapter 1

Experimental and Theoretical Studies on the Dynamics
of Transient Plasmas Generated by Laser Ablation in
Various Temporal Regimes

Petru-Edward Nica, Stefan Andrei Irimiciuc,
Maricel Agop, Silviu Gurlui, Michael Ziskind and
Cristian Focsa

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.70759

Abstract

During the last decade, our groups have performed systematic experimental studies
on the characterization of plasma plumes generated by laser ablation in various tempo-
ral regimes (ns, ps, fs) on materials ranging from simple metals (Al, Cu, Mn, Nji, In,
W, ...) to more complex compounds (ceramics, chalcogenide glasses, ferrites). Optical
(fast imaging and space- and time-resolved emission spectroscopy) and electrical
(mainly Langmuir probe) methods have been applied to experimentally investigate the
dynamics of the plasma plume and its constituents. Influence of the target physical
(thermodynamic and electrical) parameters on the plasma dynamics has been studied.
A mathematical correlation between the local and global plasma parameters and the
physical properties of the target was proposed for the first time. Peculiar behaviors like
plume splitting or plasma oscillations have been evidenced for high laser fluence abla-
tion in vacuum. Along with results from the literature, our findings provide convincing
arguments for the existence of multiple double-layers in the laser ablation plasma
plume, in a scenario including two-temperature electrons. New fractal-based theoretical
approaches have been developed to qualitatively and quantitatively account for the
observed phenomena. The space and time evolution of expansion velocity, particle
number, current density and plasma temperature were theoretically investigated.

Keywords: laser ablation, transient plasma dynamics, plasma oscillations, Langmuir
probe, optical emission spectroscopy, plasma simulation, fractal, hydrodynamics

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIEN
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1. Introduction

Despite its widespread use in a large number of applications (e.g. pulsed laser deposition [1],
generation of nanoparticles [2, 3], chemical analysis [4, 5] or cleaning of delicate artwork [6]), a
comprehensive picture of laser ablation remains a challenge for both experimentalists and
theoreticians. The difficulty arises from the multi-physics nature of the ablation process, cou-
pling optics and electrodynamics (absorption of light by the target material), thermodynamics
(heating, phase transitions, cooling), gas dynamics (expansion of ablation plume into vacuum
or background gas), plasma physics (collisions, electric interactions) and laser-plume interac-
tion (plasma heating by absorption of laser photons, inverse Bremsstrahlung, multi-photon
ionization), some of these evolving on very short time scales, which can make it challenging to
find the adequate resolving probe. Moreover, the fundamental mechanisms involved in the
ablation process and the properties and dynamics of the subsequent laser-produced plasmas
depend strongly on the laser beam parameters (pulse duration, fluence, wavelength or beam
profile) and also on the properties of the irradiated material (thermal/electrical conductivity,
reflectivity, heat of vaporization, binding energy, etc.).

Fundamental differences can be revealed when investigating the role of the laser pulse dura-
tion with respect to the specific timescales of the irradiated material response [7]. For instance,
in nanosecond ablation regime, the laser pulse is significantly longer than the usual electron
cooling time (~10 fs) and the lattice heating time (~ps). In this case, the energy absorbed by the
electrons has enough time to be transferred to the lattice. The electrons and the lattice can
further reach thermal equilibrium, and the main energy loss is the heat conduction into the
solid target. Consequently, the mechanisms involved in this ablation regime are mainly ther-
mal (e.g. phase explosion, normal vaporization, etc.) [8, 9]. Most notably, the subsequent
plasma generated in this ablation regime absorbs a significant percentage of the beam energy
(pulse “tail”, during several nanoseconds), leading to an important heating of the plume. In
the case of ultra-fast laser ablation (~fs), when the laser pulse duration is shorter than (or on
the same scale as) the electron cooling time, the electrons in the surface layer suffer cooling by
heat diffusion and by heat transfer to the lattice ions. This stage continues for several picosec-
onds. The picture changes in the case of a semiconductor target which is heated by an ultra-
short pulse. In the latter case, laser energy is transferred into the solid by creating a “bath” of
hot electrons and holes [10]. Hot carriers subsequently transfer energy to the lattice by creating
optical and acoustic phonons. In the case of both metals and semiconductors, the thermaliza-
tion of laser energy in the hot carrier bath takes place within a few femtoseconds, while the
typical time-scale for lattice heating falls within the 1-10 ps range, where thermal conduction is
negligible [11]. For low fluence fs-laser irradiation, the Coulomb explosion [12] is the dominant
ejection mechanism, while at sufficiently high laser intensities the phase explosion is followed
by non-thermal vaporization of the bulk material and becomes the main mechanism for
material removal [13]. A particular case of ultra-fast laser ablation is represented by ps-laser
ablation. This temporal regime acts like a bridge between the previous cases manifesting
characteristics from both regimes. The pulse duration is long enough so that some thermal
damage occurs due to the heating of the lattice. If the laser pulse width is in the 1-10 ps range,
the particle ejection is still dominated by the Coulomb explosion with minimal contribution
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from the thermal mechanism and no interaction between the plasma plume and the incoming
laser beam. For longer pulse durations (~100 ps) the balance is “tipped” in favor of thermal
mechanisms coupled with a brief absorption of the laser beam by the ejected cloud [7].

Extensive efforts have been fostered by many research groups in the last decades for unveiling
this complexity. Most of them were dedicated to characterizing the laser-produced plasma
dynamics and to establishing a link between the local/global plasma parameters and the
fundamental ablation mechanisms, some also addressed the link with the physical properties
of the irradiated material (see, e.g., [14-48]). In order to draw a comprehensive picture of the
laser-produced transient plasma evolution, one needs detailed space- and time-resolved infor-
mation on the chemical and electrical composition of the expanding plume (ions, electrons,
neutral atoms, molecules, clusters, with associated number densities, ionization stages, etc.),
the plasma dynamics—expansion regime (plasma as a whole), kinetic energies (of every
individual species), etc. Optical (fast photography, shadowgraphy, interferometry, optical
emission and absorption spectroscopies, laser-induced fluorescence, resonant ionization spec-
troscopy, Thomson scattering) and electrical (Langmuir probes (LP), Faraday cups, electro-
static analyzers, mass spectrometry) methods [49, 50] are available for undertaking this
complex investigation. The difficulty in getting a complete description of the laser ablation
plasma plume arises mostly from its transient character, with a lifetime typically on the 10 us
scale, but with inner rapid phenomena (e.g. oscillations) which can exhibit sub-nanosecond
timescales. Consequently, extreme care must be taken for the specific application of well-
known steady state plasma characterization tools (e.g. Langmuir probes) to this transient case.
Moreover, not all of the above-mentioned techniques can be applied for probing the great
variety of laser ablation plasmas (nor even one given plasma plume along its spatial and
temporal evolution). For instance, higher electron number densities are needed to get an
effective response when using interferometry or Thomson scattering than when Langmuir
probes are used. Typical irradiation conditions (in the range of GW/cm?) will result in laser
ablation plasmas which can be considered as cold (electron temperature in the eV range,
number densities roughly in the 10'°~10"® cm > range). Higher irradiation values (exceeding
1 PW/cm?) can lead to hot plasmas with higher electron temperature and number densities,
usually studied in a laser inertial confinement nuclear fusion context [51].

During the last decade, our groups have performed systematic experimental and theoretical
studies on the fundamental characterization and applications (mainly pulsed laser deposition
of thin films) of plasma plumes generated by laser ablation in various temporal regimes (ns, ps,
fs) on materials ranging from simple metals (Al, Cu, Mn, Ni, In, W, etc.) to more complex
compounds (ceramics, chalcogenide glasses, ferrites) [52-79]. Optical (fast gate Intensified
Charge Coupled Device (ICCD) camera imaging and space- and time-resolved emission spec-
troscopy) and electrical (mainly Langmuir probe) methods have been applied to experimen-
tally investigate the dynamics of the plasma plume and its constituents. The analysis of probe
current-voltage characteristics at various delays after the laser pulse gave access to the tempo-
ral evolution of ion density, electron temperature and plasma potential. The recording time-
scales are analyzed by coupling the distribution functions of electrons and ions through an
effective mass. The space and time evolution of expansion velocity, particle current density and
plasma temperature were theoretically investigated by a fractal hydrodynamic model. We
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present here a short overview of these experimental and theoretical studies, with a special
focus on the characterization of transient laser-produced plasmas by electrical methods and on
recent developments of the fractal hydrodynamic model.

2. Experimental details

A schematic view of the experimental set-up often used in our studies is given in Figure 1. The
solid targets (usually 20 mm diameter, 1 mm thick disks) of various chemical composition
were placed on a translation-rotation stage in vacuum or controlled atmosphere and irradiated
by ns, ps or fs laser pulses at various wavelengths (usually 532 nm Nd:YAG and 800 nm Ti:Sa,
Quantel, Continuum, Spectra Physics). We used laser fluences spanning the 10~'-10> J/cm?
range, corresponding to irradiances in the 10°~10"* W/cm? limits for laser spot dimensions on
the target in the range 0.1-1 mm and laser pulse durations in the range 40 fs—-10 ns.

ICCD 2ns /
Pl MAX Camera

Spectrometer
ACTON 25000
Vacuum Windows Lens/ Nikon objective

Electrical Vacuum chamber

. . L R
Isolation (ceramics)

Plasma

i
ns, ps and f5
pulsed laser

plume

Oscillescope

Figure 1. Schematic view of the experimental set-up at the University of Lille.
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The electric diagnostics mainly used were Langmuir probes immersed at various positions in
the plasma plume to record the ionic or electronic currents, depending on the probe biasing
voltage (Vp) [52, 53, 55, 58, 60, 77, 79]. Using bunches of Langmuir probes we obtained the
angular distribution of charge carriers at various distances from the target [52]. The Langmuir
probes were 0.8 mm diameter, 5 mm length stainless steel wires. When using metallic
targets, they were also biased to observe the influence on the probe current, and to correlate it
with the transitory electrical signal recorded from the target [65]. The transitory signals were
registered by digital oscilloscopes with 0.5-2 GHz bandwidth (LeCroy) using 50 Q or 1 MQ
impedances.

To record the plasma optical emission, three configurations have been often used: plasma
plume imaging (ICCD fast photography), space- and time-resolved optical emission spectros-
copy (OES) and temporal evolution of a given spectral line intensity [54-57, 62, 64, 66-68, 73,
75]. For the imaging experiments, ICCD gate widths of 5 ns were usually employed in order to
catch as much as possible sharp temporal snapshots in the space-time evolution of the plume.
For space-resolved OES, a 1 mm x 5 mm translating slit was placed in the vacuum chamber, at
40 mm from the normal to the target, to observe plasma plume “slices” of 1 mm width [57].
Finally, the temporal evolution of a given spectral line intensity was recorded with a fast (sub-ns
rise-time) photomultiplier tube (PMT, Hamamatsu) placed on the second output port of the
monochromator (Acton Princeton Instruments), once the spectral line has been selected and
isolated with appropriate entrance and exit slit widths and diffraction grating positions [54, 57].

3. Experimental results

Both our optical and electrical investigations on the dynamics of the transient plasmas pro-
duced by laser ablation in vacuum revealed some peculiar phenomena as the plume splitting
in (at least) two components or the occurrence of oscillations in the currents recorded by the
Langmuir probe or on the irradiated target. We have recently presented an overview of these
peculiar findings, along with similar results from the literature, in a review paper [78]. We will
therefore orient the presentation below more on the extraction of significant plasma parame-
ters (to be compared with the theoretical model predictions) from the time-of-flight profiles of
the currents recorded by the LP.

The typical time-evolution of the ion current recorded by the probe placed at various distances
(axial, radial) with respect to the center of the laser irradiation spot shows that it extends in the
us range and it generally consists in a fast part having an oscillatory behavior, and a slower tail
which arrives at longer times (see some examples in Figure 2, for ns-ablation and Vp= —30 V
probe biasing). As it was expected, the time at which the first current maximum is recorded
(tmax) significantly increases with the distance from the target (z), while it is only slightly
increasing with the radial distance (r). Moreover, for r > 1 cm and z > 3 cm the oscillations
disappear. In a simple estimation, the z-t,,,, dependence, displaying a linear evolution, gives
an axial expansion velocity v, = 1.25 x 10° m/s. Also, a decrease of t,,,, when increasing the
laser pulse energy was evidenced in our previous work [55], as a consequence of the higher
expansion velocity. For comparison, from the time-evolution of the optical maximum signals
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recorded by ICCD imaging, one can derive the center-of-mass velocities of the plasma struc-
tures [55,56,62]. In all our studies, we found values in the range of 10* m/s for the first (fast)
structure and of 10°> m/s for the second (slow) one, in agreement with experimental results
given in the literature [80-82] and rough calculations performed in simple thermodynamic
framework [58, 59]. As an example, for the experimental conditions in which the data from
Figure 2 were registered [55], we have obtained vg, = 4.66 x 10* m/s which is half of the
previous value, as consequence of ion acceleration/oscillation in the probe electric field. More-
over, by smoothing the probe signal to remove the oscillations, the temporal trace is well
described by a shifted Maxwellian velocity distribution function [83, 84], with center-of-mass
(or “drift”) velocity in the range of 10* m/s [77].

The currents induced in the target by the ablation process (displayed in Figure 3a for various
laser energies/pulse) can be correlated with the probe signal, as the positive charging arises

{a}
:4:?} =2 ¢m
% 224
154 0 o
. r=0 . r=8cm
_ NA:YAG, £, =60 m), £=10ns, i=331 nm, §=300um La
:! r Em.
=
— = 4 . F=12¢cm
g‘“- z=275¢em -]
124
: %
2 ) e r.ll r= 06 cm
£,00 gl
"I-:'- = gl |I||~ P i
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Figure 2. Typical time-dependence of the ionic current recorded by the Langmuir probe (biased at Vp = —30 V) placed at
various axial (a) and radial (b) distances from the center of the laser irradiation spot (Al target, ns ablation [55]).
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Figure 3. Currents induced in the ns-irradiated target (Al) for (a) various laser beam energies (V=0 V) and (b) target
biases (E; = 60 m]/pulse).
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through the electrons escaping from the expanding plasma to the grounded chamber, while the
negative charging is given by the ions escaping from the target. The asymmetry of the laser
intensity distribution and non-uniform target absorptivity can also lead to the generation of
considerable currents along a conductive target [85]. Experiments revealed two possible mech-
anisms: induction due to the magnetic dipole moment of the plasma and a second mechanism
resulting from the phenomena at the plasma-target interface [85-87]. From these experimental
results, we observed that the amplitudes of the fast peak increase rapidly with the laser energy
and the fast electron contribution becomes dominant above E; = 16 m]/pulse (~20 J/em?
fluence) [65]. Biasing the target (V1) by an external voltage stabilized source, the negative part
of the target current, which is given by the ion contribution, acquires an oscillatory behavior of
the same frequency as previously recorded for the Langmuir probe current (Figure 3b). We
therefore deduced that such periodic fluctuations were induced by the probe/target electric
field, with a target bias threshold for their occurrence.

When extracting the oscillatory part from the original signal (Figure 2), that is, subtracting the
smoothed temporal trace, the resulted time-dependence revealed a good fitting with a usual
damp oscillator [48, 60]. Thus, one can assume that in the electric field near the probe
the ion equation of motion is ¥ + v,x + a)iix =0, where the dissipative term is given by

the electron-ion collision frequency, (v,) ~ 1.5 x 107° 221, InA/T>? [Hz], and f i = @pi/21 =

210zy/n;/A [Hz] is the plasma ion frequency [49, 60]. We applied this procedure also for
studying the LP current oscillations in the case of fs-laser ablation of Al In a more detailed
analysis, we observed that biasing the target can influence the oscillation frequency, two
regimes being observed, corresponding to the fast and slow components, respectively. For
example, in Figure 4a and b we observed good fitting for Vr=+1.6 Vand V= +35V, resulting
in oscillation frequencies v = 8.37 MHz and v' = 6.46 MHz. For an intermediate value,
Vr=+19.5V, we distinguished two parts: (i) at short recording times (<400 ns), a fast plasma
structure oscillating with a frequency of v =8.93 MHz, which is similar with the previous value
for Vy=+1.6 V; (ii) a slow structure for longer times (>400 ns), oscillating with a frequency of
V' = 6.74 MHz, which is similar with the previous value for Vy = +35 V. This is in good
agreement with the existence of two types of particles, that is, plasma structures, which are
formed during the initial expansion process: a fast (hot) one consisting in highly charged
particles promptly ejected in an expansion process characterized by the acceleration through
the electric field given by initial charge separation (ambipolar diffusion); and a slow (cold) tail
consisting in thermalized particles with low average charge state. Such double-structures are
often reported in the literature for both fs- and ns-laser ablation, being observed for plume
propagating in an ambient gas [14, 15, 20, 88] and in vacuum for high-fluence irradiation [56,
57, 67, 75]. Reports from literature usually present a difference of one order of magnitude
between the expansion velocities of the two plasma components. The Fourier transform of the
probe current (Figure 4c) confirms the existence of two oscillatory regimes, through the
existence of two peaks which are evidenced differently at various target voltages. Their fre-
quencies are plotted in Figure 4d vs. Vr as obtained from the above-mentioned sine damp
fitting and from the Fourier transform, respectively. Let us observe that both methods gave
similar results, two groups being computed with average values v =8.5 MHz and v’ = 6.5 MHz.
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Figure 4. Typical temporal evolution of the current recorded by the negatively biased probe, Vp=—35 V (a), oscillatory
part obtained by smoothing the temporal trace and subtracting from the original one (b), its Fourier transform (c) and
frequencies obtained for various target biasing Vr (d), for Al fs-laser-produced plasma.

There is no clear dependence of the oscillation frequencies on the probe biasing, their varia-
tions being in the limits of the determination error bars. A similar behavior was observed when
using a Cu target: at short recording times, the probe current oscillates with a frequency of
v =10.5 MHz, while it shifts later to v’ = 6.4 MHz, the values being averaged over the various
target biases. Moreover, both oscillating regimes are observed in the probe current regardless
of probe biasing, the behavior being slightly different when compared with the case of Al
target, where they occurred only for intermediate values V= +(19-35) V.

During these measurements, a discussion has arisen on the use of low or high oscilloscope
impedance for recording the transient signals. Both configurations have advantages and dis-
advantages. Using low impedance ensures good temporal resolution, while using a high input
impedance has the advantage of improving the signal amplitude, although the temporal trace
i(t) is artificially extended through its convolution with the apparatus function,

ic(t) = J i(T)h(t — 1)dt (1)

where ¢ is the time and h(t) the convolution function, which for our experiments was of
exponential decay type, h(t)=exp(—t/To), with 7p=16 x 10~° s, the time constant deduced from
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the electrical circuit parameters. In such experimental conditions, the probe current is given in
Figure 5a, where we can observe that the oscillations are preserved at short recording times,
since the convolution of a periodic function is also periodic. However, through the inverse
mathematical procedure, the numerical deconvoluted signals fit well with the probe current
recorded using a low oscilloscope input impedance. For example, in Figure 5b such compari-
son is made for Al targets and V=0, Vp= —30 V. We therefore used one or the other config-
uration, with easy conversion between them through convolution/deconvolution procedures.

The consequence of applying a positive voltage on the metallic target, Vy=+35V, is the
appearance of an initial hump at short recording times (see Figure 6a). Such biasing is
influencing the plasma expansion at the initial stages by accelerating the ions and retarding
the electrons. Therefore, an excess of fast positive electric charges results, in the form of a
residual ionic current. The fast plasma structure acceleration is given by the ambipolar electric
field within a thin layer in the plume periphery, where quasi-neutrality of the plasma is broken
[34], and the resulting double layer is influenced by the target biasing, at the early stages of
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Figure 5. Typical temporal profiles of the current recorded by the LP probe at 3.5 mm from the target and various values
of the probe biasing voltages: Al target, fs-laser ablation, high input impedance (a) and numerically deconvoluted signal

compared to the current recorded using a low oscilloscope input impedance (b).
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total collected charge versus probe potential in linear and semi-logarithmic coordinates (b): Al target, fs-laser ablation,
high input impedance.
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expansion. The time-extension of the initial hump is longer in the case of higher atomic mass
targets and it indicates a dependence on the inertial properties, the light ions being faster
repelled by the positively biased target. These measurements can be successfully used to
calculate the global temperature and average charge state for the fast plasma structure, by
time-integration of probe current intensity to obtain the total collected charge dependence
versus probe potential (Figure 6b). It was observed that for both electronic and ionic branches,
corresponding to positive or negative LP biasing, for small values of the probe potential
(IVp | <10 V), the dependence is of \/|Vp| type. This is given by the repelling/attracting of
charges from the cold (slow) structure, and it shows a saturation trend as the potential
increases because the slow structure center-of-mass velocity is easily influenced by the probe
field. Between +10 and £35 V, an exponential dependence results, the collected charge is
mainly influenced by the behavior of the hot (fast) plasma structure and a semi-logarithmic
plot (Figure 6b) shows a linear dependence. The positive exponential branch corresponding to
the fast electrons allows the computing of electron temperatures from the slope of the semi-
logarithmic representation, the resulting values being time-averaged. Moreover, in the
assumption of an isothermal plasma, taking also into account the ionic branch, the average
ion charge state can be derived as the ratio of the two regions slopes. The results are given in
Table 1 for various metallic targets. We observed that a high positive correlation exists
between the deduced average charge states and the plasma temperatures. This result is in
agreement with plasma standard theoretical models, for example, local thermodynamic equi-
librium or collisional radiative [89], where average charge state or ion fractional populations
can be easily computed in the case of a homogenous plasma, for given electron temperature
and atom density (e.g. see Figure 5 of [90]).

Another approach used by our group is based on the treatment of the current-voltage charac-
teristics (I-V plots) derived from the time-of-flight current profiles recorded at various probe
biases and sampled at specific delays after the laser pulse [77]. In principle, this “classical”
method [40, 91-93] considers only the thermal movement of the particles (without streaming)
and a Maxwellian distribution function. Space-time evolution of electronic temperature, ther-
mal velocity, plasma potential and particle density can be derived from the I-V characteristic
based on the results of the “classical” LP theory. In the framework of the LP method, all main
plasma parameters are derived from the electronic part of the I-V characteristic:

Target Atomic weight T, (eV) Average charge state (z)
Al 27 14.21 £2.15 2.63 £0.74
Mn 55 8.15+0.79 1.08 &+ 0.42
Ni 59 6.72 +1.03 129 £ 0.37
Cu 64 6.54 +0.45 1.59 +0.23
In 115 8.66 +£1.29 2.23 £0.94
Te 128 8.04 +0.84 1.44 +£0.24
W 184 5.29 +£0.53 0.92 +£0.17

Table 1. Plasma temperature for various metallic targets.
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IPrabe = IeOeXp [_e(VPlasma - VProbe)/kBTe} - IiO/ VProbe < VPlasma (2)

where Ip,q, is the probe current, I,y and Iy are the electron and ion saturation currents, Ve is
the bias applied on the probe, Vpjsm, is the plasma potential, e is the electron charge, kg is the
Boltzmann constant, T, is the electron temperature.

The electron temperature (T;) can be further determined from the slope of the semi-logarithmic
plot of the probe current from the saturation region (I;) versus probe bias (V,), the plasma
potential (Vpygm,) representing the inflection point separating the linear increase from the satu-
ration region, while the ion density and thermal velocity are given by the following equations:

1 8kgT;
Lo = ~eAnjy [—— 3
0 =2 o ®)
1 /8kgT;
mal = 4
Othermal 1 om; ( )

where A is the probe collecting area, #; is the ionic density, m; is the mass of the particle and T;
the ion temperature which is considered to be equal to the electron temperature, assuming the
local thermodynamic equilibrium (LTE) hypothesis.

We applied this particular method to study the dynamics of the plume at relatively long delays
(>1 ps) after the laser pulse. Based on our previous ICCD fast camera imaging and space- and
time-resolved optical emission spectroscopy measurements, we know that these times are
characteristic for the observation of the slow plasma component [55, 56, 67]. As expected, it
resulted that all studied parameters have a significant space-time decrease, due to the cooling
process and rarefaction during expansion (Figure 7). Comparing the values for the electron
temperatures determined using time-sampling methods with the ones given by the previous
method, some notable differences occur. The time-resolved method only captures the cold tail
arriving at the probe surface as the sampling is done after 1 us, and thus the values of the
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Figure 7. T., Vyiusma i and Ugermar dependence on (a) time at a fixed distance (d = 5) and (b) space for a fixed moment in
time (t =1 ps), derived for an Al plasma generated by ns laser ablation.
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electron temperatures are considerably lower than the ones derived from the total collected
charge versus probe potential representation.

The same technique has been implemented for the study of transient plasmas generated by
laser ablation in three different temporal regimes (ns, ps, fs) on a series of six metallic targets
(AL Ti, Mn, Ni, Cu, Zn). Figure 8a shows the decrease of the saturation ion density (recorded
at 5 mm from the target and after 1 ps with respect to the laser pulse) with the melting point of
the target material. Other groups have reported similar evolutions for ns-laser-produced
plasmas. A significant decrease of the ablation efficiency (estimated as a function of the ablated
crater depth) with the increase of the melting point was reported in [94]. A similar influence of
the melting point on the ablation yield was found by Schou et al. [29, 95], who discussed the
decrease in the ablation yield as a consequence of the target cohesive energy increase. Both
melting point and cohesive energy are considered as a measure of the degree of volatility. The
same dependence proposed by previously mentioned authors was also found by our group for
fs-laser ablation of various metallic targets (W, Te, In, Cu, Ni, Mn, Al) [77]. The decrease of the
ionic density with the increase of the melting point (or cohesive energy) appears to be a general
characteristic of the laser-produced plasmas as it is confirmed by our current systematic study
on the ns, fs and ps ablation for a wide range of metallic targets.

Figure 8b displays the evolution of the electronic temperature with the target electrical con-
ductivity for the three ablation regimes. The values derived at t =1 s and 4 =5 mm present a
steep increase for low conductivity elements reaching a quasi-saturation regime after 10 MS/m.
The experimental data were fitted with the same function [77] for the three ablation regimes:

b
T(O’) =C0r— U+7;l”r

where a7, by, cr are constants, characteristic for each ablation regime. Consid-
ering the wide range of target conductivities, spanning approximately two orders of magni-
tude from 0.62 MS/m for Mn to 59 MS/m for Cu, and the values of the electronic temperature
(1-9 eV, commonly encountered for plasmas generated by laser ablation at low-moderate
fluence), a generalization is somehow appealing. However, we note that these particular
values characterize only a particular plasma volume investigated at a specific moment in time
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Figure 8. (a) Ion density dependence on the target melting point for three ablation regimes (ns, ps and fs) and (b) the
electronic temperature dependence on the electrical conductivity of the metallic targets.
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(1 ps delay and a distance of 5 mm from the target) and further investigations are thus required
to establish the universality of the proposed dependence.

Let us note that in the results presented above only single-element targets were used to better
understand the fundamental processes involved in laser-target interaction and subsequent
plasma evolution. When using complex (multi-component) targets, the interpretation of the
LP temporal profiles is more difficult. For example, we present in Figure 9 the results for laser
ablation of a chalcogenide glass (Geg5SbageSes19) [75], where three plasma structures are
recorded, each of them oscillating with a specific frequency. These structures are also present
in ICCD images (see the inset of Figure 9), displaying various expansion velocities.

An extensive investigation of plasmas generated by ns laser ablation of chalcogenide targets
was presented in [75]. We reported there a strong evolution of the global expansion velocity of
all three plasma components (derived from ICCD fast camera imaging) and of the excitation
temperatures (determined through optical emission spectroscopy) with the thermal and elec-
trical properties of the complex chalcogenide target. More precisely, the increase of the Sb,Se;
content led to a quasilinear increase of the expansion velocities and average plasma tempera-
ture. The results were interpreted in the frame of the target structural changes. Previous
reports on the properties of similar systems revealed that the addition of Sb leads to the
decrease of the bandgap energy [96], the increase of the glass transition temperature and

1
04F .7
— o3« Uk
3 : Nl
g, : :
S IR
) .
= ' |
] : .
= L - \
= : w
S A C.
01 N
0.0
M 1 M 1 M 1 M |
0 1 2 3 4

Time [us]

Figure 9. LP current for fs-laser-produced plasma using a chalcogenide glass target and ICCD image (inset) showing the
occurrence of three plasma structures.
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consequently the increase of the weak bonds concentration [97]. The increase in the weak
bonds concentration leads to increase in the thermal and electrical conductivity of the glass.
This is in good agreement with our reported results on pure metallic targets [77], where the
increase in the electrical/thermal conductivity of the materials led to the increase of electron
temperatures and ion drift velocities.

4. Theoretical investigations

Continuing our previous work [55, 58, 59, 63] on the fractal hydrodynamic model for laser
ablation plasma dynamics, we recently proposed a compact version for the analysis of the spatial
and temporal evolution of some plasma dynamic variables [76]. This version of our model was
obtained by using normalized variables of the particle density, velocities, current density, etc.,
and by choosing adequate scale resolutions. In our initial model describing the evolution of the
fractal fluid [59, 63, 98], we took into account a high number of factors (experimental ones by
means of the width of the laser pulse Gaussian distribution, probe or target bias, etc., and
theoretical ones by means of the fractal-non-fractal transition coefficient, resolution scale, fractal
dimension of the movement curves, etc.), which increased the difficulty in performing a com-
plete analysis of the plume dynamics. Through a viable choice of normalized dynamic variables
with respect to the previous factors, we simplified the interpretation of the plume dynamics.

In the frame of fractal hydrodynamics with an arbitrary fractal dimension of the motion
curves, Dy, we obtained for the one-dimensional case in absence of an external potential the
specific momentum and density conservation laws [59, 63, 98]:

O + vd,v = —2A2(dt) (_) _zax (p’%amp’%) (4a)
w40, (pv) =0 (4b)

with v the velocity, p the density, dtf the scale resolution and A a fractal-non-fractal transition
coefficient. Using the method presented in [59, 63], the analytical solutions for Eqs. (4a) and (4b) are
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for the particular initial and boundary conditions given by:
o, t=0)=¢ plx,t=0)=puel @)

v(x=ct,f)=c, px=—oo,t)=px=0c0,t) =0 (8)

Thus, we assumed that at ¢ = 0 the center of the initial Gaussian distribution p is located at x
(t=0)>0 and has the velocity v(t=0)>c. This is supported by the fact that the laser beam
temporal profile is usually of Gaussian type, and consequently we can consider a similar
distribution of the plasma plume along the expansion direction. Moreover, if the plasma
parameters are investigated at time scales longer than the laser pulse width, one can also
assume that the particles are ejected with a constant expansion velocity. In this approximation,
a correlation could be established between the density distribution of the ejected particles and
the laser pulse temporal distribution [55] (in the hypothesis of total laser energy absorption by
the plasma plume). A similar outcome is obtained for <x> = ct. From such a perspective, with
respect to the movement plane of any particle (<x> = ct) of the ablation plasma at any time # 0,
the velocities of the ejected particles are constant during expansion (Eq. (8)) and the density
becomes null at large distances from the target. By means of the conditions:

0(2

[ — (9a)

2(dt) (#)-

2
PP (9b)
2)_
20(dt) (%)~
the current density takes the approximate form:
2 2
2 1 2 2
i) = o)) =S [— | Zxexp{ - |— (Efc) (10)
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which is similar with a shifted Maxwellian distribution [99, 100], often used for treating the
temporal trace of the LP current:

o] -m (d g
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through the following identities:
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Given the dependences of the multiple dynamic variables (p, v, j, etc.) on the external factors

(ex : a, A, (db) (E’Z_F)_l, etc.), we choose an adequate normalization that will allow us to obtain
more compact and simplified dependences. Basically, we want to reduce the explicit depen-
dences on the external factors. Thus, by means of the condition 24 =ac, we will choose the
normalization:

X
— = 1
== (13a)
tc
T (13b)
p— (dn)HPe2 (13¢)

This allows us to re-write the dependencies of the plasma dynamic variables on the external
factors as follows [76]:

Normalized velocity:

14 upé
V(T u) = HZT; (14)

Normalized particle density:

2
-1/2 —(E—1
N(E& ) = [14+pe] 7 exp f - W) (15)
Normalized current density:
_ e (-1
](67 T, Au) - [1 N ‘uTZ] 3/2 ex 1 T ‘L["[Z (16)

Let us analyze the influence of the ;1 parameter (named fractalization degree) which contains
the contribution of all external factors, by means of the fractal-non-fractal transition coefficient,
A, and scale resolution, df and fractal dimension, Dy, of the movement curves. From a physical
perspective, fractalization implies different statistics (from Levy-type movements to Brownian
movements, either by means of non-Markovian processes or Markovian ones [63, 98]) that are
imposed by the fundamental processes involved in the plasma formation and expansion. In
such context, we assumed that generally for laser ablation there are two main mechanisms
responsible for the formation and expansion of two plasma structures [15, 16, 56, 67, 73, 80-82],
which were previously experimentally evidenced. Thus, the first structure is a result of the
electrostatic interactions, at very short time scale, the positive charge left on the target surface
by electron laser excitation and detachment would accelerate the positive ions outwards the
surface (Coulomb mechanism [13]). The second plasma structure that requires more time to
form and expand is generated through thermal mechanisms (evaporation, phase explosion
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[101]). Each mechanism is characterized in our model by a specific scale resolution, that is, an
adequate choice of the fractalization degree, p.

In this context, in Figure 10a and b the current densities given by Eq. (16) are plotted versus
time (7) for various normalized distances (£) and fractalization degrees: 1 =0.3 (a) and p=7 (b).
Such distinct evolutions are associated with the two plasma structures, while their overlapping
fits well the experimental LP temporal trace given in Figure 2, except the current oscillations
which should be treated separately. The space-time evolution of the variables describing the
plasma is in agreement with other theoretical models [102, 103]. Moreover, having in view the
normalization used in our model, it is possible to control some dynamics of the plasma plume
by means of the fractalization degree p.

The validation of our model comes from the comparison with the time-dependence of plasma
parameters obtained from LP measurements. In Figure 11a one observes that the time-
decrease of the ion density is well fitted by the dependence (15), with the parameters
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Figure 10. Current densities given by Eq. (16) dependence versus time (t) for various normalized distances (&) and
fractalization degrees: 1=0.3 (a) and =7 (b) and their overlapping (c).
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Figure 11. Experimental (squares) temporal evolution of the ion density (a) and electronic temperature (b), and individ-
ual fits (continuous line) using the relationships extracted from the compact fractal hydrodynamic model [76].
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Np=4.25%x10" em™3, & ~ 11.8, u ~ 2.95, where Nj is a normalization constant. Moreover, the
right term of Eq. (4a) is the space derivative of a fractal potential,

Q = 2A%(dt) (#) P 07007 (17)

Then, using Eq. (17) and the normalizations (13a)—(13c), the fractal potential takes the normal-
ized form:

2
- 2
q(&Tu) = p 7(1 - :T)z (18)

In the “classical” LTE model, the plasma temperature (T) is a measure of the thermal
movement (described by the random movement of the plasma ions, electrons and neutrals),
property which is reflected here by the plasma particles motion curves non-differentiability. In
our model, since the fractal potential (4) is a measure of non-differentiability, this leads to a
relation of proportionality between the two dynamic variables (7 ~ T). In such context, we
observed that the dependence (18) fits well the time evolution of the electronic temperature
(Figure 11b), with the parameters Ty=0.68 eV, & ~ 11.5, u ~ 2.8, where Tj is a normalization
constant.

The normalization of the plasma dynamic variables led us to a more compact and simple form
of the fractal theoretical model, by allowing the use of a single control parameter that
embodies the contributions of several external parameters on the dynamics of the ejected
particles. In its compact form, we were able for the first time [76] to define some clear
associations between fractal model variables and specific plasma parameters (electron temper-
ature, thermal velocity, particle density). Moreover, when compared with experimental data
depicting the temporal evolution of the plasma parameters determined though the Langmuir
probe method, the model satisfactorily reproduces the experimental traces. From the theoret-
ical fit, we determined a range of values for the fractalization degree which describes the laser-
produced plasmas in the ns ablation regime. The success of this non-differential approach is
also seen from the fact that the model is able to “recognize” the probe—target distance at
which the experimental data was recorded. Further studies are required in order to test the
generality of the model, by comparing it against other “classical” theoretical models and also
against data extracted from ps and fs laser-produced plasmas in various experimental condi-
tions (target-probe distance, laser fluence, background pressure).

In the classical concepts, the theoretical models (hydrodynamic, kinetic, etc.) are built
assuming that the dynamics of individual elements are characterized by continuous and
differentiable motion variables (energy, momentum, density, etc.). These variables are exclu-
sively dependent on the spatial coordinates and time. In the real situation, the complex system
dynamics is much more complicated and the classical theoretical models failed in the attempt
to explain all the concerned aspects. These difficulties can be overcome in a complementary
approach, using fractal concepts, describing “exotic” shapes that did not fit the patterns of
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Euclidean geometry. Moreover, the depth analysis of different complex systems evolution
showed that most of the phenomena are nonlinear and, therefore, new mathematical tools
were required. These have been provided by the Scale Relativity Theory (SRT) and by
Extended Scale Relativity Theory (ESRT) [98], that is, the SRT with an arbitrary constant fractal
dimension. These theories consider that the motions of the complex systems structural units
take place on continuous but non-differentiable curves (fractal curves). In this situation,
Euclidean dynamics of a complex system subjected to external constraints is replaced by a
fractal dynamics characterizing the same system free of any external constraints. More pre-
cisely, Euclidian constraints dependent motions, that is, on continuous but differentiable
curves, are substituted by constraints independent motion in a fractal space, that is, on contin-
uous but non-differentiable (fractal) curves (a free motion).

5. Conclusions

The dynamics of the transient laser-produced plasma in vacuum was investigated using
electrical (Langmuir probe, target current) and optical (fast gate intensified CCD camera
imaging) measurements for various ablation regimes and simple target materials. The typical
time-evolution of the ion current recorded by the probe placed at various distances (axial,
radial) with respect to the center of the laser irradiation spot shows that it extends in the us
range, and it generally consists in a fast part having an oscillatory behavior, and a slower tail
which arrives at longer times. For the expansion velocities, values in the range of 10* m/s for
the first (fast) structure and of 10° m/s for the second (slow) one were found, both from
electrical and optical methods, which are in agreement with experimental results given in the
literature and rough calculations performed in simple thermodynamic framework.

Measurements of the current induced in the target by the ablation process showed that it is
correlated with the probe signal, as the positive charging arises through the electrons escaping
from the expanding plasma to the grounded chamber, while the negative charging is given by
the ions escaping from the target. Biasing the target by an external voltage source, the negative
part of the target current, which is given by the ion contribution, acquires an oscillatory
behavior of the same frequency as previously recorded for the Langmuir probe current.
Consequently, such periodic fluctuations are assumed to be induced by the probe/target
electric field, with a target bias threshold for their occurrence.

Extracting the oscillatory part from the original temporal trace of Langmuir probe, the resulted
time-dependence revealed a good fitting with a usual damped oscillator, while its frequency is
connected with the plasma ion frequency. Moreover, we observed that biasing the target can
influence the oscillation frequency, two regimes being inferred, corresponding to the fast and
slow components, respectively.

Electrical measurements can be successfully used to calculate the global temperature and aver-
age charge state for the fast plasma structure, through time-integration of probe current intensity
to obtain the total collected charge dependence vs. probe potential. We observed a high positive
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correlation between these two parameters, the result being in agreement with plasma standard
theoretical models (e.g. local thermodynamic equilibrium or collisional radiative).

Another approach used by us to study the dynamics of the plume at relatively long delays is
based on the treatment of the current-voltage characteristics (I-V plots), that are derived from
the time-of-flight current profiles recorded at various probe biases and sampled at specific
delays after the laser pulse. Space-time evolution of electronic temperature, thermal velocity,
plasma potential and particle density were computed, all of them having a significant
decrease, due to the cooling process and rarefaction during expansion. The technique has
been implemented for the study of transient plasmas generated by laser ablation in three
different temporal regimes (ns, ps, fs) on a series of six metallic targets (Al, Ti, Mn, Ni, Cu,
Zn). A decrease of the ionic density with the increase of the melting point (or cohesive
energy) is observed, and it appears to be a general characteristic of the laser-produced
plasmas, as it is confirmed by our current systematic study on the ns, fs and ps ablation for
a wide range of metallic targets. The evolution of the electronic temperature with the target
electrical conductivity for the three ablation regimes presents a steep increase for low con-
ductivity elements, reaching a quasi-saturation regime after 10 MS/m. However, the obtained
values characterize only a particular plasma volume investigated at a specific moment in
time, and further investigations are required to establish the universality of the proposed
dependence.

Theoretically, a compact version using normalized variables of our previous fractal hydrody-
namic model was proposed for the analysis of the spatial and temporal evolution of some
plasma dynamic variables. In this context, a new parameter named fractalization degree was
introduced to account for the contribution of all external factors, that is, the fractal-non-fractal
transition coefficient, the scale resolution, and the fractal dimension of the movement curves.
When compared with experimental data depicting the temporal evolution of the plasma
parameters determined through the Langmuir probe method, the model satisfactorily repro-
duces the experimental traces. In the compact form of the model, we were able to define some
clear associations between fractal model variables and specific plasma parameters. From the
theoretical fit, we determined a range of values for the fractalization degree which describes
the laser-produced plasmas in the ns ablation regime, while more efforts are required to
elucidate some features associated with femtosecond laser ablation (e.g. evolution of the
oscillation period with the target atomic mass).
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Abstract

The basic mathematical models, computational algorithms, and results of mathematical
modeling of various modes of laser action on metals are considered. It is shown that for
mathematical description and analysis of the processes of laser heating, melting, and
evaporation of condensed media, various theoretical approaches are used: continuum,
kinetic, atomistic, etc. Each of them has its own field of applicability, its advantages, and
disadvantages. Mathematical description of ns-laser ablation is usually carried out
within the framework of continuum approach in the form of hydrodynamic models that
take into account reaction of irradiated material to varying density, pressure, and energy
both in the target and in the vapor-gas medium. Within the framework of continuum
approach, a multiphase, multifront hydrodynamic model and computational algorithm
were constructed that were designed for modeling ns-PLA of metal targets embedded in
gaseous media. It is shown that proposed model and computational algorithm allow to
carry out the simulation of interrelated mechanisms of heterogeneous and homoge-
neous evaporation of metals manifested as a series of explosive boiling. Modeling has
shown that explosive boiling in metals occurs due to the presence of a near-surface
temperature maximum. It has been established that in ns-PLA, exposure regimes can
be realized in which a phase explosion is the main mechanism of material removal. The
verification of reliability of obtained results was carried out by comparing experimental
data and calculations with atomistic models.

Keywords: nanosecond pulse, laser action, hydrodynamic model, mathematical modeling,
explosive boiling, phase explosion, subsurface temperature maximum

1. Introduction

The pulsed laser ablation (PLA) of condensed media has been intensively studied over the past
few decades [1, 2]. The increased interest in PLA is determined by the increasing possibilities
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of its use in a variety of applications, beginning with the already traditional ones: micro-
processing [3, 4], pulsed laser deposition (PLD) [5, 6], laser-induced breakdown spectroscopy
(LIBS) [7, 8], and new rapidly developing areas: production of nanomaterials [9, 10], surface
nanostructuring [11], chemical, and physical synthesis [12]. The total effect of nanotechnology
and photonics led to the emergence of a new direction—laser synthesis of colloids [13], which
draws general attention to its extensive applicability, primarily in biomedicine [14, 15].

Numerous applications make PLA an attractive direction for fundamental investigations.
Despite extensive studies of fundamental properties of laser ablation performed earlier, a
number of important physical phenomena still remain insufficiently well studied and under-
stood. Previous studies have established that the nature of interaction of laser radiation
depends both on the modes of action: wavelength [16, 17], duration [18, 19], and laser pulse
intensity [20, 21] and on thermophysical and optical properties of the target [22, 23], presence
of the surrounding gas [24] and its pressure [25, 26]. The greatest differences in the physical
mechanisms of laser ablation of metals are observed between short (ns) and ultrashort (ps, fs)
pulsed modes [18, 19].

In ultrashort range (fs, pc) of influence, laser radiation freely reaches surface of the target.
Absorption of laser radiation by a degenerate electron gas followed by a slowed-down energy
exchange between electron and phonon components leads to strong deviation from locally
thermodynamic equilibrium of the system as a whole. As a result, laser ablation and its accom-
panying processes develop after the end of the pulse.

Laser ablation in the nanosecond range is a more complex phenomenon involving many
interrelated processes both during action and after the end of laser pulse. Such processes
include laser target heating, heterogeneous, and homogeneous phase transformations, taking
place in the evaporated matter, formation and expansion of plasma plume, heat transfer, laser
and intrinsic plasma radiation transfer, generation and propagation of shock waves, and
contact boundaries in the vaporized matter and the surrounding gas environment. In contrast
to ultrashort regime, in nanosecond range, with a certain choice of parameters of the action,
two experimentally observed and explored phenomena arise—volumetric boiling (phase
explosion) of liquid phase of the target and formation of laser plasma in vaporized matter
and surrounding gas.

Putting an irradiated target into an external gas environment, which is typical for most PLA
applications, significantly complicates the situation. In these cases, the long-lived processes of
laser-plasma plume and associated generation and propagation of interacting fronts of shock
waves and contact boundaries in the vapor-gas medium play an important role in overall
picture of laser ablation [27]. The presence of such a large number of interconnected physical
processes creates additional difficulties in determination and investigation of the basic mecha-
nisms of ablation. The information obtained by the methods of instrumental diagnostics is not
sufficient due to the lack of data on fundamental phenomena associated with rapidly changing
energy (thermal and laser radiation), hydrodynamic fields, and the kinetics of heterogeneous
and homogeneous phase transformations in the solid and liquid phases, ionization of vaporized
matter, and gas environment. At the same time, the understanding of fundamental physics of
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internal structure of plasma plumes and their spatiotemporal evolution in the process of plasma
expansion in the background gas at atmospheric pressure is of decisive importance for many
engineering applications. For this reason, nanosecond laser ablation continues to be an area of
active research in which mathematical modeling plays an increasing role [28-31].

Any simulation begins with a choice of mathematical model, construction and development of
which is given a paramount importance in the computing experiments. For theoretical descrip-
tion and analysis of PLA process of condensed media, various theoretical approaches are used:
continuum, kinetic, atomistic (molecular dynamics, etc.). Each of them has its own field of
applicability, its advantages, and disadvantages.

Atomistic models allow us to conduct research at the atomic level and obtain fundamental
knowledge about structure, thermodynamic, and mechanical properties of crystalline mate-
rials [32, 33], about physical mechanisms of various processes [34, 35], including the kinetics of
heterogeneous and homogeneous phase transitions [36, 37]. The basic methods of atomistic
modeling —molecular dynamics (MD) and Monte Carlo (MC), which use as a rule, semiempir-
ical interaction potentials, operate with tens and hundreds of millions of atoms, and allow
calculations in the time range of nanosecond duration.

However, even with the use of parallel computer platforms, computational costs are enor-
mous, and the space-time scales inherent for PLA processes are beyond the limits of accessibil-
ity for atomistic modeling methods. Therefore, in spite of constant progress in the field of
designing interatomic potentials and increasing the power of computing systems, the final
overcoming of computational constraints is hardly achievable, and continuum models will
always remain relevant.

Continuous models based on the equations of continuous medium mechanics are realized, as a
rule, in the form of hydrodynamic models [18, 24, 28, 30, 31, 38-42] and use the minimum of
information and operate with average values of physical characteristics calculated on infinites-
imal volume. The methods for solving them are more compact, they have higher accuracy and
a relatively small amount of computation. The main shortcomings of continuum approach are
manifested in the absence of the possibility of direct investigation of elementary processes in
materials and limited possibilities of mathematical description of homogeneous mechanisms
of phase transitions of the first kind and calculation of thermophysical, thermodynamic,
optical, and other characteristics of matter in a wide range of parameters. These problems are
much easier and more fully solved within the framework of atomistic modeling, the results of
which can be used as input parameters in meso- and macrolevel models.

In this paper, the application of continuum approach to modeling in preplasma regime of
processes dynamics and of main mechanisms of ns-PLA of metal target (Al) in air is consid-
ered. The mechanisms of heterogeneous and homogeneous phase transitions interacting with
each other are analyzed in detail. Primary attention is paid to model the dynamics of phase
explosion of liquid phase of aluminum and the expansion of its fragments in the air, since
explosive boiling is considered to be one of the most effective thermal mechanisms of ns laser
ablation of materials. Various aspects of this problem have been studied in a number of
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theoretical and experimental studies [43-56], but there is still no consensus on the mechanism
of the phase explosion in metals. In order to obtain detailed information on interaction of
heterogeneous and homogeneous mechanisms and data on laser plume morphology, simula-
tion of laser heating, melting, surface evaporation, and evolution of plume in the vapor-gas
medium is performed within the framework of new hydrodynamic model with temperature
dependences of material properties of the target and explicit tracking of interphase boundary
fronts, contact boundary, and shock wave. The release of liquid phase fragments into the
atmosphere as a result of phase explosion is modeled by the procedure for introducing a
quasinucleus of a new phase (vapor) in the region of near-surface maximum of temperature
reaching the value T, = 0.9T,, at time of reaching the maximum permissible overheating of
metastable liquid phase.

2. Hydrodynamic model

Laser ablation of Al target placed in the air atmosphere is considered. In preplasma regimes of
the action in ablation, the processes in three phase states (solid, liquid, and vapor) and two
states (perturbed, unperturbed) of external gaseous medium are taken into account. Laser
radiation propagates from right to left. The air for the selected action mode is completely
transparent to the laser flow, which is partially reflected from the metal surface and partially
absorbed in the near-surface layer of the target.

The mathematical description of ns laser ablation within the continuum approach is realized in
the form of hydrodynamic models that allow one to take into account the reaction of con-
densed (target) and vapor-gas (vaporized matter, gas) media to varying density, pressure, and
energy. The processes in each medium are described by a system of nonstationary equations of
gas-hydrodynamics supplemented by equations of energy with thermal conductivity, equation
of laser radiation transfer, and corresponding equations of state. The 1-D approximation is
used for spatial variables. For laser action regimes under consideration, conditions of locally
thermodynamic equilibrium (LTE) are assumed for all processes both in the irradiated target
and in the vapor-gas medium. Accordingly, hydrodynamic model is formulated in one-
temperature approximation.

Phase states and vapor-gas medium are separated among themselves by moving interphase
boundaries solid-liquid I';(t), liquid-vapor I'e,(t), and by the fronts of contact boundary I',e(t)
and shock-wave I, o(f). The right-hand boundary I',(t), running along unperturbed gas, is
declared moving in order to improve economic efficiency of the computational algorithm.
Schematically, their position and direction of motion are shown in Figure 1.

In order to obtain complete information on the kinetics of phase transformations, the morphol-
ogy and dynamics of laser plume, all moving fronts and boundaries in the course of the
solution are subjected to explicit tracking using appropriate relationships, which are simulta-
neously the boundary conditions for hydrodynamic and energy equations.

Complete system of equations is represented as:
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Figure 1. Scheme of spatial position of the phases and the direction of motion of interphase, contact boundaries, and the
front of shock wave.
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Here, p, u, €, T, and P are the density, gas dynamic velocity, internal energy, temperature, and
pressure of the substance, respectively, x; and G are the absorption coefficient and laser
radiation fluence, Wr is heat flux density, and A is coefficient of thermal conductivity. Indices
s, {, v, g denote the belonging of the quantities to solid, liquid, vapor, and air, respectively. In
the condensed phase, the value ¢, has the meaning of enthalpy of liquid and solid phases H.

2.1. Boundary conditions

In the hydrodynamic models that easily combine with the kinetic ones, the heterogeneous
mechanisms of phase transitions: melting/crystallization and evaporation/condensation are
described naturally. A distinctive feature of heterogeneous phase transitions is the presence of
sharp interfaces at which the main thermophysical and optical characteristics: enthalpy H, heat
capacity C, and thermal conductivity A, density p, pressure p, and reflectivity R of the surface
undergo a steplike change.

In the case of rapid phase transformations that typical for pulsed nanosecond action, a com-
plete set of equations for mass, momentum, and energy flows is used to describe heteroge-
neous phase transitions. However, considering that the absence of phase equilibrium at
interphase boundary is a necessary condition for phase transition to occur, the expressions for
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conservation laws must be supplemented by appropriate kinetic relations characterizing the
degree of nonequilibrium of phase transition.

2.1.1. Left fixed boundary, x =T’

The condition that flow of mass and heat be equal to zero is used as boundary conditions on
the left fixed boundary:

x=1T;: u=0 Wr=0; 2)

2.1.2. Model of heterogeneous (surface) melting: crystallization, 6 =T'se(t)

For fast phase transitions, heterogeneous melting model consists of a system of equations
expressing three conservation laws: mass, momentum, and energy supplemented by kinetic
condition for the velocity of melting front v, [57] obtained from molecular-kinetic theory [58]
and which is the main characteristic of the process melting-crystallization. In a stationary
(laboratory) coordinate system, surface melting-crystallization model written on moving inter-
face of melting x = I';(t) can be represented as:

x="Tg(t): py(us —vse) = py(ue — vsr)

Py + (s = v50)? = py + (e — vsr)? 3)
(AMF), — (AT, = pLyvse
L AT,
) = 1/2 _m Aist)
Vs (ATs) = a(BkgTse/m) (exp ([)’ KT (P ng> 1) 4)

LZ: = Lm (Tm (ps)) + ACPSATsf + %Zj%’ Lm (Tm (ps)) = L’”/O + 6(Tm (ps) - T"‘/O)’
Acps = Cps - Cpfr ATS€= Tst’ - Tm(ps) ’ Tm(ps) = Tm, ot str

where L}’ is nonequilibrium heat of melting, L,, 0, T}, are equilibrium heat of melting and
melting point, respectively, p; is pressure on a solid surface. @, f, and 6 are parameters
determined from molecular modeling [59, 60]. For Al, a =0.21, §=5.28, 6=6.37 Jmol~ ' K,
6=6.44 x 107> K/atm.

2.1.3. Model of heterogeneous evaporation x = I,

Investigation of heterogeneous evaporation process began already in the century before last
from experimental work: Hertz [61] and theoretical work: Knudsen [62] and continues at the
present time, which is determined by its practical importance and not fully clarified features of
nonequilibrium behavior of the substance during its evaporation. The mechanism of heteroge-
neous laser evaporation is realized in subcritical region of surface temperature T, and satu-
rated vapor pressure psy; = Psar(Tiur), for which the following inequalities hold: T;,, < T, and
Psat < Per- In the case T, > T, OF psar > pory then a supercritical laser evaporation regime is
realized, at which the state of the substance varies continuously [63].
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Heterogeneous evaporation is characterized by a sharp phase boundary. Thin (several mean
path lengths) nonequilibrium Knudsen layer (KL) is adjacent to the boundary surface. The
nonequilibrium of the KL is determined by the flow of matter through the phase boundary.
The total flow consists of flow of particles (atoms, molecules) leaving the condensed phase and
flow of particles (atoms of molecules) returning from the evaporated matter as a result of
collisions. These flows have different distribution functions, £ and f respectively, and that
leads to a strong nonequilibrium. The flow of injected particles satisfies the Maxwellian distri-
bution function ) with parameters of the surface of the condensed medium. The return flow
is determined by conditions of gas-dynamic expansion outside the KL. The behavior of parti-
cles inside a nonequilibrium Knudsen layer is described by Boltzmann equation, by solving of
which one can determine the unknown parameters T, and p, that are boundary conditions for
the continuum equations of gaseous medium. In the heterogeneous evaporation model, a
special role is played by parameter M (M = u,/ti5y,q is Mach number) on the outer side of KL,
which determines the degree of nonequilibrium of the phase transition.

In the phase equilibrium state, when the pressure of saturated vapor pyu(Ts,,) is equal to the
external pressure p,, the parameter M = 0. In the subsonic evaporation regime, when M <1, the
behavior of the interface depends on gas-dynamic perturbations in the vaporized matter flow.
The maximum nonequilibrium is determined by the maximum value of mass flow, which is
known to be achieved at M = 1, when flow of matter through the interface is maximal, and the
recoil pressure at the heated surface is minimal. In this case, such evaporation regime can be
realized when the behavior of condensed medium no longer depend on the external gas-
dynamic problem, which greatly simplifies the description of evaporation process. However,
the implementation area for such regime remains uncertain, because due to the nonlinearity of
the gas dynamics equations, the transition line between M <1 and M > 1 depends on desired
solution and cannot be determined in advance [64]. Taking into account strong spatiotemporal
diversity of processes in the nonequilibrium layer and continual media, KL is usually
represented as a strong discontinuity in the gas-dynamic parameters. In such case, the
kinetic processes in KL are not explicitly considered, and various phenomenological
approaches [65-72] were used to determine boundary conditions on the outer side of the
KL, which makes it possible without solving the kinetic problem, to determine the joining
conditions under certain assumptions about the type of the nonequilibrium distribution
function inside the discontinuity. One of the first works in which intensive evaporation was
analyzed on the basis of phenomenological model is the work of Crout [65]. In this work, a
nonequilibrium ellipsoidal Maxwellian particle distribution function was used written in an
analytical form with the anisotropic in spatial directions longitudinal and perpendicular
temperatures. Later papers used Mott-Smith approach [66], which was applied to the struc-
ture of the shock waves. With the help of this approach [67, 68] expressions for gas-dynamic
parameters at M = 1 were obtained. Later in [69], this approach was extended to the entire
range of evaporation 0 < M < 1. In [70, 71], the approximation of the distribution function
over the entire evaporation range 0 < M < 1 was carried out by other more complicated
expressions that satisfied the additional requirements that were formulated taking into
account basic laws of gas dynamics. Following this laws, the used distribution functions
must when M — 1 to provide extreme values for all three complete flows of mass j,,
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momentum j; and energy j.. The model [65] also satisfies these requirements. At the same
time, in widely used model [69], the requirement of extrema of all flows at selected point
M =1 is not fulfilled. The calculations showed that total flows, j,, j; j. depending on M have
extrema at M = 0.88, 1.18, 1.22, respectively. Nonfulfillment of the requirement of extremes
indicates an unsuccessful choice of distribution function for the reverse flow ). The math-
ematical model of surface evaporation in the Knudsen layer approximation consists of three
conservation laws and two additional relations from which the parameters on outer side of
the Knudsen layer are determined: temperature T, and density p,. Velocity u, and Mach
number M are determined from the solution of the equations of gas dynamics:

x=TIp(t): Jeo = Pe(tie — Vi) = p,,(ty — Vp)

o = Po+ Ji (e = v0) = p, + i (o — V1)

®)
e T | m T m (uy — vlv)z
Jow=~Je T I |He +—— =~Jo e |Ho+———

(ue — va)z} T

where ji =W, = —/\(T[)aa—?, PT=w, = —)\(Tv)aa—j;’. With these expressions taken into

account, energy conservation law can be represented as:

Wi — W, = p,ve LI + 0T, (6)

where L)* = L (T¢) 4+ Cpo (Tp — Trp) + %M is the nonequilibrium heat of evaporation, o

is Stefan-Boltzmann law constant.

To determine parameters T, p,, p,, a modified Crout model was used [71].

T, = aT(M)TSW/ Py = Psat®p (M)’ (7)

e (M (11 N (M):2yM2(m2+0.5)2
psat pb P kB Tb Tsur ’ T (1+yM2)2m2t2 4

0y (M) = 1 (M)
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the value m is determined from the equation F(M)(m* + 0.5)* — m*(m* + 1.5 + a) = 0, where

- 3yM2—1 YY) 1/2 2 1-+erf(m)
F(M) =1+ iy 0= 202 — 051"t =1, t =2+ o )
Psat and pg,; are the saturated vapor density and pressure, p, is the pressure under normal
conditions (1.01325 x 10° Pa), Uspynd = (yRT)l/ 2 is the sound velocity, M = u,/Uispuna is the Mach
number, T}, is the boiling temperature, kg is Boltzmann's constant. Taking into account p,;, the
value of p;,; was determined from the equation p = p(p,T). For the laser radiation transfer

equation on the target surface, the condition G(I';,) = (1 — R(Tsu)) Goexp (—(1)2) was used

T

where R(T,,) is the temperature dependence of reflectivity of target surface.
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2.1.4. Model of surface condensation

When the inequality ps, < p is reached, the direction of phase transition changes, evaporation is
replaced by condensation process on the target surface, to which the value M < 0 on outer side
of the KL corresponds. Unlike evaporation, surface condensation can also occur in supersonic
regime. According to [73] in subsonic condensation regime, gas dynamic quantities T, M, and
p,, are related only by one two-parameter dependence p,/ps,: = F(T, M), where T = T,/T,,,, and M
are dimensionless parameters of temperature and velocity determined by the state of gas
dynamic flow far from KL and are extrapolated from the gaseous medium to the discontinuity
surface. The function F(T,M) is determined in advance from the solution of Boltzmann equa-
tion, the results of which are then tabulated [74]. The values of the function F(T,M) depend
weakly on the parameter T and much stronger on the parameter M. Table values from [74] can
be approximated by the expression [75]:

po/P = F(T, M)=F(M) =0.95 x exp (—2.42 M) (8)

When passing through the point M = —1 to supersonic regime of surface condensation, the
boundary conditions change. In this case, all quantities on outer side of KL depend on the state
of gas medium far from it and are extrapolated.

Thus, the description of the kinetics of heterogeneous evaporation is carried out by two one-
parameter dependencies used as boundary conditions (for a known parameter M), and sub-
sonic surface condensation is described by only one two-parameter (M, T) dependence.

2.1.5. Model of volumetric boiling of liquid phase heated by a laser pulse

The greatest difficulty in the continuum approach is the description of homogeneous mecha-
nisms of phase transformations: melting crystallization and evaporation. Homogeneous mech-
anisms of phase transformations are characterized by nucleation of a new phase in a certain
volume of superheated/supercooled matter. Representing them in continuum hydrodynamic
models requires considerable additional efforts [57, 76] associated with formation of a cavity
filled with vapor within a condensed medium.

The simplest scheme for simulating volumetric boiling in one-dimensional approximation can
be represented by introducing, when certain criteria are satisfied into superheated liquid phase
of artificial quasi-nuclei with thickness h;(f) bounded by moving planes of liquid-vapor inter-
face x{(t)=I¢, (t), Xiv1(t)=Ipy i+1(f) wherei=1, 2, ... is quasi-nuclei number. The criterion for
nucleation beginning is a moment when superheating limit temperature T, nax Of liquid phase
is reached and spatial coordinate. First quasi-nucleus of vapor phase with initial width Ax,,4(f)
=TIy, 2(t) = I'ey,1(t) ~5 nm is placed at this point. For a new region of vapor bounded by two flat
surfaces, the initial conditions T, 1=T¢, max, Pv,i=Psal(Tt, max), Pv,1=Psa(Te, max) Were set.
Under the influence of pressure difference between the inside quasi-nuclei and on the external
irradiated surface of the liquid layer with the temperature T, a rapidly expanding cavity
filled with vapor is formed and blowout the liquid layer with thickness Ax;1(t) =1, 1(t) — T'ei(t)
in the direction of gaseous medium. The description of the processes in the expanding cavity
and in the near-surface liquid layer separated from main target was carried out using
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gas-hydrodynamic system of Eq. (1). The model of heterogeneous evaporation (5)—(7) was
used as boundary conditions on interphase planes Iy, (t), Iz, i+1(t). Also, absorption and
reflection of the intensity of laser radiation in the formed layer were taken into account. In case
of repeated explosive boiling with the formation of next liquid fragment for each of them, as
well as the main target, gaseous medium and formed vapor cavities, the solution algorithm
remains unified.

The values of limit of superheat temperature depend on the rate of energy input and can be
determined in advance from the molecular dynamics simulation. For Al, depending on the rate
of heating, limit of superheat temperature of liquid phase T,,, is in the range Ty.x~
(0.89+0.95)T.,. [77].

It should be noted that the use of gas dynamic equations inside the cavities which dimensions
are small in the initial moments of time in comparison with the mean free path is a simplifying
approximation that makes it easy to take into account the influence of expansion velocity of the
cavity.

2.1.6. Moving contact boundary, x =T'yg(t)

On contact boundary and front of the shock wave, well-known standard relations are used
[78]. At vapor-air interface, the boundary conditions were set in the form of equal values of
velocity, pressure, and temperature:

x:rlv(t) : Ll,)zug, pv :Pg/ TI): Tg

2.1.7. Moving shock wave, x = Iy, g(t)

A shock wave in air [, o(f) is a strong nonstationary discontinuity, on which three conservation
laws are written in laboratory coordinate system [78]:

j;ﬂh,g =P (Ml - vsh,g) = Po (”0 - vsh,g)r

j;h,g =p1tm (”1 - USh/8>2 =Py + Po(”O - Ush/g)

an (ul - vsh,g)2 am (uO - vsh,g)2
Jshg | €1 +72 —Wr1 = Johg | €0 +—2 —Wro

2
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©)

The indices 0 and 1 denote the values of the quantities on side of the background and the shock
wave, respectively.

2.1.8. Right moving boundary, x = T'g(t)

The right boundary on the side of unperturbed gas is declared moving in order to improve
economic effectiveness of the computational algorithm [79]. The speed of its motion is found
from the differential equation of momentum.
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2.2. Computational algorithm

The differential model (1)—~(8) was approximated by a family of conservative finite-difference
schemes [80, 81] written on computational grids with dynamic adaptation [79, 82, 83]. The
method is based on the idea of transition to an arbitrary nonstationary coordinate system that
allows calculations with an arbitrary number of discontinuous solutions, such as shock waves,
propagating phase and temperature fronts, contact boundaries, and spalled fragments.

3. Temperature dependences of aluminum properties

In the mathematical modeling of the process of laser action on metals with an absorption
coefficient of x; > 10" m ™", the model of surface heating and evaporation is widely used. In this
model, the maximum of the temperature profile T,,,, coincides with surface temperature T,
from which evaporation occurs. At lower values of «;, typical for dielectrics as well as for metals
when irradiated with an electron beam or X-ray pulsed radiation or in the case of a metal-
dielectric transition [84, 85], bulk heating of the substance and surface evaporation leads to the
formation of temperature maximum below the surface of the substance. As a result, a volumetric
explosive boiling of superheated liquid can occur in the region of the temperature maximum.
The explosive boiling of superheated liquid is closely related to the concept of metal-dielectric
phase transition. Zeldovich and Landau [86] denoted the possibility of a metal-dielectric phase
transition for an expanded metal at subcritical temperatures. To perform the metal-dielectric
transition, it is necessary that the energy acquired by metal atoms is higher than their binding
energy in the crystal lattice and the distance between atoms is equal to the value causing a
violation of their short-range order, which leads to the localization of the electrons on atoms [87].

With the advent of lasers capable of evaporating metals and producing plasma on their
surfaces, it has become possible to observe laser-induced phase transitions metal-dielectric
with the formation of transparency waves in the massive targets [88] and thin metallic films
[89] in the subcritical temperature range. In other experimental and theoretical studies of the
interaction of ns-laser pulses with an intensity of 10’-10° W/cm? with metallic targets, the
results of the appearance of metal-dielectric transitions accompanied by the formation of
transparency waves are reported [53, 54, 85, 88-91].

Nevertheless, the physical mechanisms of interaction of laser radiation with metals taking into
account metal-insulator transition have not yet been fully studied. This causes great difficulties
in determining thermophysical and optical characteristics of metals in the vicinity of the critical
region.

Figure 2 shows temperature dependences of thermophysical A(T), L,(T), C,(T) and optical
R(T), x1(T) characteristics of aluminum. The curves were L,(T) and C,(T) obtained from molec-
ular dynamics calculations, and A(T), x.(T), and R(T) were constructed on the basis of theoret-
ical concepts [92-94] and reference data [95-97].
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Figure 2. Temperature dependences of Al properties (a—d).

4. Results discussion

One of the purposes of this work is a detailed study of mechanism of explosive boiling in
metals since explosive boiling is considered to be the most efficient thermal mechanism for
the laser ablation of materials. At the same time, the difficulties associated with understand-
ing of the mechanism of homogeneous phase transitions in metals occurring under the action
of ns-laser pulses are known. In [98], based on analytical solution of thermal model, it was
established that laser removal of material from a solid target, with a certain choice of
irradiation parameters and material, is determined by the presence of near-surface tempera-
ture maximum. The validity of this position was confirmed by the results of numerical
solution of thermal model for low-absorbing liquids irradiated by laser pulses [43] and
nonmetallic solid materials [47]. For strongly absorbing media mainly metallic, calculations
based on thermal model [44, 45, 47, 56] have shown that the magnitude of near-surface
temperature maximum is several degrees. On this basis, overheating was excluded from
consideration, up to the statement [56] that in metals, maximum temperature is always on
the surface of the target, and sub-surface superheating is impossible. Explosive boiling was
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interpreted as a surface spitting of liquid phase when a critical temperature is reached on the
surface [99]. This interpretation is not convincing, since it does not allow to determine even
approximately the parameters of explosive boiling.

4.1. Mode of exposure

Let us consider ns-PLA process of aluminum target under the mode of exposure close to
experimental conditions [53]. Al target with the thickness of 10~* m is placed in the air under
the normal conditions with pressure 1 bar and room temperature (T = 300 K). Laser pulse of
Gaussian shape G=(ﬁ/7z)1/2 Goexp(—p (t/7)%) with full width at half maximum (FWHM)
T =5 x 1077 s, with wavelength A, = 1.06 pm and fluence F = 3.5 J/em?, where
Go=6.1 x 108 W/cm? is the peak intensity at t = 0, —eo <f<oo, B =4 x In2 falls on the target
surface from right to left. Air for the selected exposure mode is completely transparent for laser
radiation, which is partially reflected from metal surface and partially absorbed by target
material layer. The energy release of laser pulse has volumetric nature.

4.2. Evolution of processes

At the initial stage, time evolution of the processes at the surface of the target, in the target and
in the gas medium near the target such as appearance of phase fronts (melting, evaporation),
contact boundary, and shock wave and associated with formation of new phase media (liquid,
vapor) occurs at the leading edge of laser pulse. Heterogeneous melting begins at the moment

=-3.9 x 10~” 5. The maximum velocity of melting front reaches a value vy =130 ms ™. As the
interior of the target is heated, the melting front I'y(f) runs from its surface forming a new
region of liquid phase. Further heating leads to appearance of heterogeneous evaporation front
I',(t) that runs inside the melt. A flow of the evaporated matter was formed at the surface of
the melt pushing out air and creating another new phase—vapor. The new area occupied by
vapor is limited on the one hand by the moving interface I';,(t) (evaporating surface) and on the
other hand by the moving contact boundary vapor-air I',,(). The surface evaporation process
is controlled by the surface temperature T;,,(f) and Mach number M(t) on the outer side of KL
(0 < M(t) £1). Evaporation begins at the moment t = —2.3 x 10~? s when the saturated vapor
pressure exceeds the pressure of external gas psu(t) > p,(t). The maximum velocity of evapora-
tion front vy, = 88 ms ™' is approximately 1.5 times smaller than velocity of melting front. The
vaporized matter flow acting as a piston pushes out cold air, and performing a certain work
warms up at peak Gy intensity up to temperature T, = 4.7 x 10° K. Under the pushing action
of vapor flow, the compression of cold dense air which turns into a shock wave occurs,

= — 2.1 x 10" 5. The spatial structure of erosion plume is shown in Figure 3 by the main
characteristics T(x), p(x), u(x), p(x) after the formation of shock wave.

By the moment ¢ = 0, the shock wave propagates with velocity vy, o = 2.9 km s™' and temper-
ature Ty, , = 4.4 X 10® K, ahead of contact boundary moving with speed vy, , = 2.5 km st
toward the laser flow. The temperatures of vapor and air are in this case insufficient for
initiation of ionization, and vapor-gas medium remains transparent for laser radiation.
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Figure 3. The spatial profiles of (a) T(x), (b) p(x), (c) u(x), and (d) p(x) in the target and the gas medium at the moment
t=—-19ns.

4.3. Formation of near-surface temperature maximum

A consistent study of laser ablation is complicated by the fact that heterogeneous and homo-
geneous mechanisms of both melting and evaporation prove to be interrelated, and this
interaction must be taken into account explicitly. Pulsed laser action on materials (including
metals) has volumetric nature of energy release. Thus, when target is heated strongly in the
vicinity of the critical point (T, = 7600 K, p,, = 0.47 g cm >, p,, = 1.42 kbar), thermophysical and
optical properties of liquid phase change abruptly. Heat capacity C, when approaching a
critical point tends to infinity C, — e, thermal conductivity Al and absorption #; coefficients
tend to zero, surface absorptivity A = (1-R) — 1, Figure 2a—c. Under the joint influence of
volumetric energy release of laser pulse and energy transfer by surface flow of evaporating
substance, a near-surface maximum of temperature T;,,,, is formed in the depth of liquid
phase, for which the following relations are satisfied: T¢,uax > Tour Pemax,sat > Psursat-

Figure 4a shows a fragment of the spatial temperature distribution in near-surface layer of the
target with overheating T . — Tiur = 170 K at a depth of 30 nm from the irradiated surface at
the moment immediately preceding the explosive boiling. For comparison, Figure 4b shows a
fragment of temperature profile, calculated under the same conditions with help of molecular
dynamics, which showed close results. The maximum was located at a depth of 70 nm, and the
superheat value was 150 K. Thus, simulation results obtained by different methods indicate the
presence of temperature inhomogeneity in metallic target (Al) caused by a decrease in the
temperature of the irradiated surface by heterogeneous evaporation. Thus, the conditions for
phase explosion were created with formation of a cavity in the region of maximum temperature,
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Figure 4. Spatial profiles of temperature maximum, (fragments) before explosive boiling: (a) continual model and (b)
atomistic model.

where the deepest passing into the region of superheated metastable liquid critical point of
liquid-vapor transition is achieved.

4.4. Explosive boiling

The process of explosive boiling begins at the backside front of the laser pulse. First boiling
occurs at the moment ¢ = +1.5 ns when the maximum of the temperature profile reaches the
temperature of limiting superheating of liquid phase equal to Tp. = 09T, = 6840 K.
Figure 5a-d shows the spatial profiles of T(x), p(x), u(x), p(x). Arising cavity is the result of
homogeneous nucleation in superheated liquid phase and is accompanied by sharp increase in
pressure Py = PsaTemax) Which is more than two times greater than the recoil pressure on
irradiated free surface ps,, = 0.55psa(T5y,). This pressure plays a decisive role in the expansion
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Figure 5. The spatial profiles of (a) T(x), (b) p(x), (c) u(x), (d) p(x) in the target and the gas medium at the moment
t=—-1.7ns.
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Fragment number, n 1 2 3 4 5
Moment of occurrence, ns 1.5 1.7 1.9 2.1 2.4
Fragment thickness d, nm 30 37 26 21 20

Table 1. Number, time of appearance and thickness of spalled fragments.

of cavity filled with vapor and in rapid growth of flyout velocity of thin d; = 30 nm fragment of
liquid metal. Because of small thickness, flying fragment weakly absorbs laser radiation, the
main part of which is released in the target increasing its temperature. Both surfaces of spalled
fragment and surface of the target are subject to intense surface evaporation. Heterogeneous
evaporation leads to decrease in temperature of the fragment and causes strong cooling of
target surface, contributing to formation of next near-surface temperature maximum in which
a new explosive boiling occurs when the temperature of limit overheating Ty ;. = 0.91,, of
metastable liquid is reached. Repeated boiling occurred at a time ¢ = +1.7 ns. The total number
of explosive boilings reaches 5. The moments of occurrence and thickness of outgoing frag-
ments are given in Table 1.

Figure 6a—d shows the state of all liquid fragments of explosive boiling at the time f = +3.0 ns.
The resulting fragments eventually acquire a sufficiently high flyout velocity and under the
influence of laser radiation absorption continue to evaporate until they disappear completely.
The general trend in the evolution of all fragments is that over time the cavity size, flyout
velocity and density of matter increase, and pressure in the cavity, thickness and temperature
of the fragments decrease. So in the initially formed cavity the width increased from 5.0 nm to

Figure 6. The spatial profiles of (a) T(x), (b) p(x), (c) u(x), (d) p(x) in the target and the gas medium after five explosive
boiling at the moment ¢ = —3.0 ns.
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1.7 um, the velocity increased up to 2.3 km/s and density due to cooling changed from 0.65 g/cm®
to 1.3 g/cm®. At the same time, the pressure in the cavity decreased to 200 bar, the thickness of
fragment on the verge of extinction due to surface evaporation fell to /i, = 1.9 nm, and the
temperature decreased to T, = 5400 K.

The simulation results are in good qualitative agreement with the experimental data [53].
Quantitatively, the total depth due to release of superheated liquid phase (ds = 37.0 nm) differs
by about two times in excess. The total removal of matter by the mechanism of explosive
boiling considerably exceeds the amount of evaporated matter. The trajectory of shock wave
motion almost completely coincides with the experimental dependence [53] up to the moment
t =200 ns. From now, calculated curve is located above the experimental curve. As the fluence
increases up to F ~ 10 J/cm?, the target is heated faster and explosive boiling process begins to
move to leading edge of the laser pulse. The frequency and amount of boiling thus increase to
tens and hundreds of ejected liquid fragments, but the overall picture of processes does not
undergo qualitative changes.

5. Conclusion

Within the framework of continuum approach, a multiphase, multifront hydrodynamic model
and computational algorithm were constructed that were designed for modeling ns-PLA of
metal targets embedded in gaseous media. The model contains temperature dependences of
optical, thermal, and thermodynamic properties of metal target (Al). The temperature depen-
dences of heat capacity C,(T) and thermal conductivity A(T) of aluminum take into account their
singularity in the vicinity of critical point. In optical characteristics, the metal-insulator phase
transition was taken into account accompanied by the formation of the transparency wave.

The computational algorithm is based on the method of dynamic adaptation, which ideally fit
to the study of problems with heterogeneous phase transitions and allows the production of
numerical solutions with an explicit allocation of unlimited number of interface boundaries in
condensed medium, contact boundaries, and shock waves in a gaseous medium.

The calculations have shown that under the influence of temperature dependences of optical
and thermophysical properties of Al the nature of laser heating of the target in high-
temperature region changes substantially. The energy release has a volume nature, and irradi-
ated surface is markedly cooled by the process of surface evaporation. An inhomogeneity
arises in the spatial temperature profile—a near-surface maximum of temperature. When the
limiting superheating temperature is reached, the conditions for explosive boiling were real-
ized with formation of a cavity in the region of the maximum, where the maximum penetra-
tion into the region of superheated metastable liquid near the critical point of liquid-vapor
transition is achieved. For Al in action modes under the consideration, the typical depths of
temperature maximum are 4 = 20-70 nm with the values AT,,5x = T¢ ax — Tsur = 150-170 K.

An approach was proposed to formulation in continuum models of homogeneous nucleation
in a superheated liquid phase based on the introduction into hydrodynamic model of quasi-nuclei
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with thickness of 1-5 nm. Generation of quasi-nuclei is carried out by the criterion of maximum
permissible overheating of initial region. The criterion of limit overheating is determined from
molecular dynamics simulation.

Mathematical modeling using the developed technique allowed to obtain a sequence of five
explosive boilings for the threshold fluence F = 5.2 ]/crn2 and 14 for F=6 ]/cmz. In the first case,
the depth of ablation due to explosive boiling was 37 nm, in the second—70 nm. Due to the
surface evaporation, they were 17 nm and 12 nm, respectively. The obtained data make it
possible to conclude that phase explosion is the main mechanism of material removal in nano-
second range of laser action with fluence F > 5.2 J/cm?. The upper values of 7 and F are limited by
the processes of supercritical expansion and plasma formation and are subject to determination.

In metals, as in nonmetals, the transition from surface evaporation to volume removal of mass
occurs in the region of temperature maximum near the critical temperature, where the influ-
ence of overheated metastable liquid phase determines the competition between surface evap-
oration and explosive boiling.

It should be noted that in explosive boiling regimes under investigation, cavity formation takes
place in the region of positive values of pressure generated by homogeneous nucleation in
superheated liquid phase, in contrast to the case of a series of spalles [57] arising in the region
of negative pressures in unloading wave upon action to metal targets of ultrashort pico-
femtosecond laser pulses.

Validation of obtained results was performed by comparison with experimental data and with
calculations with atomistic models [77, 100].
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Abstract

This chapter reviews the laser ablation of delicate organic/biological substances by
matrix-assisted pulsed laser evaporation (MAPLE). It is shown that direct ablation in
this case is possible but sometimes not workable at all in adverse conditions. The con-
sidered solution is the protection by a prevalent dissolving/suspending component
that can allow for a “shielded” ablation by the frozen solvent followed by its gradual
evaporation by melting, evaporation and evacuation by pumping system. We extend the
study to the case of non-UV absorbing solvents, e.g., water, when the primary interac-
tion between laser and solute ignites evaporation process at a lower ablation threshold
due to reduced pressure inside irradiation chamber. We called this case as “generalized”
MAPLE interaction. Relevant examples are provided and critically analyzed in view of
potential applications for nanobiomedicine, biosensors, advanced implants and chemi-
cal technologies.

Keywords: laser interaction and ablation mechanisms of organic/biological compounds,
thin films deposition, nanobiomedicine, protected ablation, functional organic/biological
layers

1. Introduction

Laser ablation of “delicate,” organic and/or biological materials is reviewed. Particular atten-
tion was recently paid to this field stimulated by the progress of laser sources, the advance of
“smart targets” and new applications in key technological areas like chemistry environment,
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biology, and medicine at micro- and nanoscale. The ablation of organic/biological materi-
als was initiated and promoted under “protection” and investigated in various stages after
generation, during propagation in vacuum or different ambiances till the final deposition of
expulsed material on substrates of interest. Appropriate models were developed for describ-
ing the coupling of radiation with the organic/biological materials, bare or protected by a
matrix, while complementary techniques were used for obtaining exhaustive information
about the ablated substance in plasma plume, liquid, and final solid states. The progress was
possible on this basis of a new generation of composite thin films for applications in drug
delivery systems, biosensing, and advanced coatings for metallic implants.

The “protected” ablation and transfer of organic and biological substances can be obtained
by multipulse laser irradiation. In this case, the “delicate” solute substance is dissolved
in more solvents while the obtained mixture is frozen. The resulting “icy” target is then
submitted to the laser ablation. The solute is ablated and transferred under the protection
of a frozen solvent layer. During transfer, the icy layer is gradually melted, evaporated,
and evacuated by the vacuum system whereas the solute reaches the final destination with
the minimum or no perturbation or damage and is deposited in the form of a thin film.
The technique was invented in Naval Research Laboratory, Washington D.C. Refs. [1, 2]
describe it as matrix-assisted pulsed laser evaporation (MAPLE) and is extensively applied
since 2000 for the ablation and deposition of a large class of compounds with application
in many top field domains, like nanobiomedicine, photocatalysis, synthesis of hard lay-
ers, and so on [3]. The choice of an appropriate solvent plays a key role in MAPLE. It is
generally accepted now that the main requirements for these selections are: laser fluence
must have proper values, lower than in pulsed laser deposition(PLD); incident laser energy
must be the majority absorbed by solvent molecules and not by organic molecules of the
base material (0.5-10) wt%; frozen solvent must be characterized by a high absorption at
working laser wavelength; solvent has to be selected so that the organic material presents a
good solubility; solvent has to present a high freezing point; and solvent must not produce
chemical reaction under laser radiation exposure. For illustration, we give in Figure 1 a gen-
eral scheme of a MAPLE setup and the involved fundamental physical-chemical processes
in ablation of the frozen target.

The main difference between MAPLE and “classical” pulsed laser deposition (PLD) [4, 5]
consists of target preparation and the laser interaction (ablation) mechanisms. This makes
the ablation process in case of MAPLE substantially different to that in PLD. Fundamental
mechanism and processes in MAPLE ablation were studied in [6, 7]. The ablation of organic/
biological materials is followed by time-resolved plume imaging [8] in many cases with spa-
tial and/or temporal resolution. The expulsed substance was characterized by combined tech-
niques like time program desorption mass spectrometry and atomic spectroscopy [9, 10].

Nevertheless, the selection of the perfect solvent is not easy and sometimes impossible because
of the limits introduced by very toxic characters of various solvents, available quantities and
prices, and good mixing between a solvent and solute, as being the most important.

Therefore, we refer in Section 2 to a simple and cheap solution of using solvents by hand
when all the aforementioned criteria are properly applied.
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Pumping system

Figure 1. Schematic of MAPLE setup and interaction mechanism.

Selected information are introduced about ablation and deposition of polysaccharides (tri-
acetate-pullulan), enzyme (urease), proteins (fibro- and vitro-nectines), and biopolymers
(papain, lysozyme, poly(lactic-co-glycolic acid). All structures were studied by physical-
chemical methods and assessed biologically by in vitro and more recently in vivo studies.
Recent literature results are mentioned and evaluated critically.

2. “Generalized” MAPLE mechanism

Smausz ef al. [11] synthesized urease thin films by MAPLE and PLD from frozen water solu-
tions of urease (1-10 wt%) and pure urease pellets. The KrF* excimer laser fluence was varied
between 300 and 2200 m]/cm? The FT-IR spectra of the PLD films at the same fluence range
evidenced no significant difference as compared to the MAPLE ones (Figure 2). This can be
considered an unexpected result, because the direct irradiation, and in particular higher flu-
ence, is predicted to severely affect the molecular structure of the biomaterial. Measurements
of absorption coefficient indicated that the idea of absorbing matrix does not work when using
water solvent, that is, the relatively high absorptivity of matrix is not a general requirement
for a successful MAPLE experiment. Accordingly, the laser energy is absorbed by the organic
molecules and the heat is transferred to the surrounding solvent, while the matrix protects the
delicate organic material from overheating and consequently thermal decomposition.

Different direct measurements or numerical simulations inferred absorption coefficients
below 1 m™ around 250 nm wavelength [12]. For the concrete case of a 1 wt% frozen ure-
ase solution [11], this is about two orders of magnitude lower, indicating that the photons
are generally absorbed by the urease molecules instead of the water solvent. It has to be
mentioned that pure ice could not be ablated in vacuum chamber at 1 J/cm? fluence. This is,
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Figure 2. FT-IR spectra of urease thin films deposited by 10% MAPLE and conventional PLD at different fluences
(reproduced with permission from [11]).

however, in contradiction with the principle of “classical” MAPLE based on an absorptive
matrix. In our opinion [11], the laser energy is absorbed by the organic molecules (and/or
molecule cluster) (Figure 3a and b), leading to an increase in their temperature, thus melt-
ing and heating the water in their close vicinity (Figure 3c). Because of the working pres-
sure in the reaction chamber, the molten 0°C water starts boiling, the upper ~micrometer
layer evaporates from the surface (Figure 3d) carrying away the urease molecules, while
the deeper layers refroze. Accordingly, the ablation of the delicate material can be achieved
at lower temperature (well below the denaturation threshold of 90°C) than in the case of
bulk material ablation. Similar ablation process was reported in [13] for aqueous solutions
of absorptive materials.
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Figure 3. Scheme of the ablation process of the frozen water solution of urease: the laser energy is absorbed by the urease
molecules (a) increasing their temperature (b). Part of the heat is transferred to the surrounding ice medium (c), the
upper layer evaporates and the deeper layers refreeze (d) (reproduced with permission from [11]).

Experiments using water as MAPLE matrix were performed at 355 nm [14]. In this case, the absorp-
tion of ice in UV-visible range is close to the local minimum. This confirms that successful MAPLE
deposition can be accomplished without the principal absorption of matrix material, e.g., water.

3. Relevant examples

3.1. Polysaccharides

Polysaccharides, described as complex molecules, are an interesting class of materials due to
their biological and chemical properties such as biodegradability, nontoxicity, biocompatibil-
ity, nonimmunogenicity, and increased chemical reactivity [15-17]. Moreover, most polysac-
charides are of natural origin (plants, animals, and microorganism), and depending on the
sources, they can vary with respect to the molecular weight and structure [18, 19]. The pres-
ence of glycosaminoglycans (part of the extracellular matrix) in the composition of natural
polysaccharides is an important feature, which proved to increase the wound healing process
by binding to proteins at hierarchical peculiarity [17, 20, 21]. Since the biological activity of
polysaccharides is dependent on their properties, the further advancement of polysaccharide-
based nanomedicine, which is a current direction of interest, proposes the development of
alternative methods to produce polysaccharides with reliable features [17, 19].

Tissue engineering and drug delivery are also two directions of permanent interest for the
medical field, and so a variety of polysaccharides have been used in order to bring new solu-
tions to the encountered issues [17]. In this respect, there were reported in the literature the ben-
efits of alginate [22-24], gellan [25, 26], dextran [27-29], hyaluronic acid [30], chitosan [31, 32],
and pullulan [29, 33-35] for specific applications [17].

3.1.1. Pullulan

Pullulan, with the molecular formula (CH, O,), is a neutrally charged polysaccharide,
which is soluble in water and produced by yeast-like fungus Aureobasidium pullulans [16, 33].
Due to its unique structural features, excellent mechanical properties and biocompatibility,
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and to the high hydration capacity, the native pullulan and its derivatives possess various
biomedicinal and pharmaceutical applications [33, 36]. The application of pullulan in tissue
engineering involves the surface modification practices. Consequently, the surface proper-
ties of this biopolymer could be enhanced by replacing, on its hydroxyl groups, the desired
chemical moieties [33].

Furthermore, thin films of pullulan, which are biodegradable, biocompatible, and with good
mechanical properties, can be synthetized and used in various biomedical applications [33].
One processing method is MAPLE technique that allows for the deposition of high-quality
pullulan films, e.g., triacetate-pullulan, cinnamate-pullulan and tosylate-pullulan [35, 37, 38].
The laser processing of such organic materials in the form of thin films requires the pres-
ervation of pullulan molecular structure and functionality [10]. Cristescu et al. synthetized
MAPLE thin films of pullulan and its derivatives from a frozen target of 2 wt% biopolymer in
dimethyl sulfoxide, under the irradiation with a KrF* excimer laser source [35, 37].

Based on the biofunctionality of this biopolymer, Bulman et al. proved that the addition of
pullulan enhanced mesenchymal stem cells (MSCs) retention at a diseased cartilage sur-
face, increasing MSC therapeutic efficiency and acting as a cellular adhesive [39]. In 2016,
Atila et al. reported for the first time the production of pullulan and cellulose acetate scaf-
folds (in various combinations) by wet electrospinning technique, in order to fulfill the
requirements of an engineered-tissue construct [40]. As for the use of pullulan in drug
delivery systems, a relatively new study revealed the synthesis and efficiency of a system
based on pullulan and poly(B-amino)ester for gene co-delivery (hepatoma-targeted) and
chemotherapy agent [41].

These are only a small part of pullulan applications that demonstrate its significance for the
present and future research directions, offering a wide field of activity due to its versatile
composition.

3.2. Proteins

Proteins are macromolecules distinguished from polysaccharides by their content of approxi-
mately 20 amino acid monomers and can be found in all biological systems, from inferior pro-
karyotes to complex eukaryotes [42-44]. According to the chemical properties, amino acids
are classified as non-polar aliphatic (hydrophobic), non-polar aromatic (hydrophobic, except
tyrosine), polar uncharged (hydrophilic), polar negatively charged at pH 7, polar positively
charged at pH 7, and sulfur-containing (maintain the structure of the protein) groups [45].
The attachment of each amino acid to the central carbon by a different side group leads to the
unique character of proteins [43].

Furthermore, proteins comprise a significant number of reactive groups that ensure flexibility
by their chemical modification [42]. This statement is strengthened by the fact that proteins
have multiple sites for chemical interaction, which can allow for the improvement and tai-
loring of their properties [46]. Proteins are known to occur essentially in aqueous or mem-
brane environments, are insoluble in non-polar solvents, and cover a wide range of polymeric
compounds [43, 44]. Thus, van der Waals, hydrogen bonding, electrostatic, hydrophobic, and
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disulfide cross-link interactions between the amino acid units are connections responsible for
the structural modifications of proteins along the polymeric chain [43].

The specific requirements of various applications can be fulfilled due to the possible adjust-
ment of the properties of proteins [42]. One of the most discussed and studied biomedical
applications of proteins are diagnostic imaging [47-49], therapeutic delivery [47, 50, 51], and
tissue engineering [52-54].

The progress on the processing of different protein materials (e.g., silk, gelatin, collagen,
casein, keratin, etc.) into coatings with applicability in tissue engineering, cell adhesion,
implants proved to be a key factor for the improvement of the medical field [43, 55, 56]. The
presence of the different side groups attached to the central carbon in the protein structure
is an advantage for film fabrication or even for its improvement (stability) because proteins
can be submitted to chemical and/or mechanical modifications [42, 46]. Furthermore, protein-
based films or coatings are known to be biodegradable, being thus a source of nitrogen (pro-
teins contain about 16% nitrogen by mass) which contributes as fertilizers [44, 46].

As a component, proteins of the extracellular matrix (ECM), which is present within all tis-
sues and organs, fibronectin (FN), vitronectin (VN), and collagen I (Coll) proved their impor-
tant roles in wound-healing processes [57].

Our own interest was focused on the study of FN and VN in which in vitro have been shown
to increase the attachment of specific cells for a designed substrate [58].

3.2.1. Fibronectin

Fibronectin is one of the most important and intensively studied ECM proteins, exists as a
dimer, induces mineralization, and is a soluble circulating protein in body fluids (like plasma)
[59-61]. At physiological pH (7.4), FN proved to be negatively charged due to its acidic iso-
electric point (pI = 5.5-6.0) [59]. From the biological point of view, FN plays a key role in the
adhesion, spreading, migration, differentiation, and proliferation of various cells and support
the accumulation of multiple growth factors (GF) [59, 60]. In addition, FN can enhance the GF
growth-promoting function [60]. Due to its stimulus in cell attachment and migration pro-
cesses, FN, also known as a multifunctional extracellular glycoprotein, is extensively studied
and used as a coating in tissue engineering [62].

In 2013, the fabrication of functional FN patterns onto Ti substrates by using the laser direct
write (LDW) technique was described by Grigorescu et al. [63]. In this study, the authors
validated the suitability of LDW technique for FN molecules’ transfer, preserving the compo-
sitional protein features and functionality [63]. The integrity preservation of the transferred
FN was evaluated by ATR-FTIR measurements, and one could observe no structural modifi-
cations between FN dropcast and the LDW ribbon (Figure 4). The characteristic amide I and
II bands are clearly visible and correspond well to the similar bands of the positive control
consisting of a FN solution dropcasted onto a Si substrate (Figure 4—curve 5). The spectrum
presented in Figure 4—curve 2 corresponds to a negative control of a heat-denatured protein
sample. One can clearly notice that the two proteic bands are no longer visible in this case.
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Figure 4. Representative ATR-FTIR spectra of Si acceptor (1), a negative control of heat-denatured proteins (2), proteins
transferred at 0.4 J/cm™ (3), proteins transferred at 0.2 J/em™ (4), and a positive control consisting of dropcasted
proteins (5).

This implies that proteins exposed at a temperature of 100°C for 1 min lose their secondary
structure. However, any heat damage susceptible to occur is strictly localized and does not
influence the secondary structure of the proteins in a detectable manner, which is majoritarily
preserved after the transfer.

In addition, Western blot assays were conducted onto a control-purified FN solution and
that of protein desorbed from the LDW acceptor. One can observe similar molecular weights
between the tested solutions (Figure 5) [63].

In vitro tests performed with MC3T3-E1 preosteoblast cells validated the transfer of secondary
structure and functionality. Particular attention was paid to the presence and availability of
the cell binding domain within the FN molecules, as evidenced by immunostaining with spe-
cific monoclonal antibodies followed by microscopic observations. MC3T3 osteoblasts prefer-
entially attached onto the FN features (Figure 6a and b). The spreading of cells close to the FN
features was slightly enhanced in comparison with cells onto the bare substrate. The cellular
morphology was generally influenced by the presence of the FN spots. Thus, the cells situated
in the close vicinity of FN exhibited an asymmetric aspect with elongated cytoplasmic exten-
sions, whose tip-adhesion site ended in most cases on a FN region. Cells situated completely
onto the FN features present a stronger polarity, with longer filopodia, which suggest an
improved fixation on the substrate. A characteristic representation of such cellular behavior
is depicted in Figure 6e and f, wherefrom one can observe the actin filaments (Figure 6f) ori-
ented along the FN formations (Figure 6e). In all cases, cell nuclei did not exhibit significant
morphological modifications such as fragmentations or condensation, which could suggest
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Figure 5. Western blot profiles obtained for the control-purified FN solution (a) and that of protein desorbed from the
LDW acceptor (b) compared with the BioradAllBlue calibration molecular weight reference proteins (c) (reproduced
with permission from [63]).

cellular apoptosis. The in vitro tests revealed the full functionality of the transferred protein
features in both deposition regimes, 0.2 or 0.4 J/cm® However, it was observed that slight
differences concerning the local uniformity, as well as the aspect repeatability of the protein
features, do exist. For obtaining uniform, highly repetitive features, lower fluences are defi-
nitely desirable.

The biological response of the transferred FN was also assessed by fluorescence micro-
scopic measurements after the seeding of Swiss 3 T3 fibroblasts cells onto the tested sam-
ples [63]. The shape of the imprinted FN features strongly influenced the morphology of
the adherent Swiss 3 T3 fibroblasts cells. A weaker attachment and a round shape of the
attached cells onto the Ti control was observed, whereas for the transferred FN patterns,
they were clearly spread, actin filaments being organized according to the FN spots aspect
[63]. These results are in good agreement with those obtained in case of preosteoblast
MC3T3 cells.

The biochemical characterization of the FN structures open new perspectives on the fabrica-
tion of complex biomaterials including proteins (with high molecular weight) for use in bio-
medical applications (e.g., drug delivery, regenerative tissue engineering) [63].
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150 pm

Figure 6. Characteristic microscopic aspect of MC3T3 cells in the neighboring region to laser transferred fibronectin
features. (a) Osteoblasts attached to the FN features obtained at 0.2 J/cm?. (b) Osteoblasts attached to the FN features
transferred at 0.4 J/cm?. (c) Details of cytoskeleton actin fibers oriented along the FN subfeatures obtained at 0.4 J/cm?. (d)
Specific modified cell morphology in the close vicinity of FN (0.4 J/cm?), where a certain bending of the protein subfeature
can be deduced as a result of the cellular activity. (e and f) Detailed image of a cytoplasmic extension (filopodia) placed
along a FN subfeature. Confocal scanning microscopy was conducted using TRITC-coupled phalloidin for the F-actin,
DAPI for the DNA, and FITC-coupled antibodies for the FN.

MAPLE technique was also applied in the synthesis of fibronectin coatings. A recent report
of Sima et al. describe the fabrication, in two steps, of a new hybrid biomimetic thin struc-
ture (inorganic-organic bilayer) using two different laser techniques (PLD for hydroxyapatite
(HA) and MAPLE for EN deposition, respectively) [54]. The authors quantified by temper-
ature-programmed desorption mass spectrometry the deposited FN over the HA layer and
verified its biological efficiency by multiple cellular studies [54].

In a recent study published in 2015, Agarwal ef al. reported the enhanced implant-bone inte-
gration in healthy and osteoporotic rats by applying FN coatings obtained by immersion of
clinical grade stainless steel implants in purified solutions of FN for 30 min [64]. Following
the same direction on integration of biomedical implants with tissue, other research groups
attained the idea of producing an interface able to mimic the ECM and improve cell behavior
[59]. Gand et al. proposed the synthesis of a layer-by-layer film by direct incorporation of
EN (as anionic polymer) into poly(L-lysine) (PLL) (positively charged) in order to obtain an
FN-enriched structure, capable to mimic the ECM [59].
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From reported data, one can notice the fast development on FN processing, thus the principal
objective being the chemical preservation and the improvement of the biological response.

3.2.2. Vitronectin

A similar and important constituent of the interstitial ECM, vitronectin, is readily adsorbed at
the interface of biomaterials and is known for its adhesive functions during development and
angiogenesis [65, 66]. VN is the main glycoprotein adsorbed from the serum onto synthetic
polymers and was identified as an essential adhesion and spreading mediator in many cells
[65]. Given its multifunctional physiological activity, vitronectin is also described as S protein,
epibolin, or “serum spreading factor” [65-67].

In order to prevent fibrosis and to support migration of adjacent cells, VN have the capability
to trigger the enzymatic degradation of provisional ECM, influencing thus the fate of implants.
In addition, it encompasses an approach for improving the endothelization of implants [66].
As reported [68], VN and FN are vital for the in vitro adhesion of osteoblast cells.

In 2009, Whitlow et al. reported the cover of a platinum aneurysm coil with gold (Au) or VN
by using an electrostatic self-assembly process trying to evaluate the degree of neointimal
change associated with the applied ultrathin layer [69]. The neointimal response revealed
the improved reaction in case of Au and VN coil groups as compared with the uncoated
platinum group [69].

Later, in 2011, Sima et al. reported the transfer and immobilization of VN by MAPLE tech-
nique on a collector coated with an HA layer (by PLD). In this study, the biological response
was evaluated by using human osteoprogenitor (HOP) cells, and the obtained results revealed
the improved adherence, spreading, and growth in respect with HA coatings [70].

The vitronectin multifunctionality makes it an attractive biopolymer for the tissue engineer-
ing when used as a surface coating and moreover, opens new directions for research.

3.3. Enzymes

Enzymes are proteins that consist of one or more polypeptide chains and have an active site,
thus determining their specificity and flexibility [71, 72]. Enzymes are also known as bio-
catalysts that accelerate a chemical reaction without interfering their equilibrium [71, 73].
Enzymes are recognized for their high catalytic activity and excellent selectivity for the tar-
geted substrate, being thus described as optimal biorecognition molecules [74]. As biosensor
components, enzymes are considered the shortest lived elements because they progressively
lose activity [74].

For a long time, enzymes have been used in microbial processes, helping (by fermentation
process) in the preparation of cheeses, wines, and other milk products [71]. In course of time,
the interest of some researchers leads to the use of enzyme in the medical field, in the diagno-
sis, and in the treatment of various diseases [75]. In this respect, they try to study, understand,
and obtain the basic information on toxicology, immunological reactions, and chemical stabil-
ity of the organism in vivo [76].
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Various deposition techniques could be applied in order to immobilize different enzymes onto
a solid holder. This task is not an easy one due to the fact that one can deal with the transfer
of complex molecules [77]. A possible approach for enzyme immobilization could be MAPLE
technique recognized for its capability to transfer soft materials, avoiding the changes of the
chemical and biological properties.

3.3.1. Papain

Papain, a proteolytic enzyme, found naturally in papaya is of key importance in various vital
biological processes [78]. Due to its proteolytic and elastolytic properties, papain exhibits anti-
bacterial, antifungal, and anti-inflammatory activities [79].

The use of papain as a coating for surface improvement in different medical devices is still
at the beginning. In 2013, Motoc ef al. [80] reported the deposition of a simple HA (Ti/HA
or papain Ti/papain) and a bilayer (consisting of HA and papain synthetized by PLD and
MAPLE, respectively: Ti/HA/papain). The authors tried to functionalize the titanium surface
in two steps, enhancing the bioactivity (HA layer) and activating the localized drug with
antimicrobial and anti-inflammatory effects (papain layer) [80]. In order to evaluate the stoi-
chiometric transfer of papain, the used powders and the obtained coatings were analyzed by
FTIR. The spectra revealed the presence of the proteins characteristic bands (Figure 7) [80].

Moreover, the osteoblasts-like SaOs2 human cells were used in order to evaluate the bio-
logical performances of papain coatings, by adhesion (immunofluorescence microscopy:
Figure 8) and proliferation tests (MTS assay: data not shown here) [80].

Taking into account the positive results, one can consider the papain-based coatings as poten-
tial implant material with good antimicrobial properties and improved integration.

3.3.2. Lysozyme

Lysozyme, a small and stable lytic enzyme, is found in nature, being present not only in
almost all secretions, body fluids (tears, saliva, and sweat), and tissues (nasal cavity) of the liv-
ing organisms, but also in some plants, bacteria, or egg white [81, 82]. It has a specific hydro-
lytic activity against the cell walls of liable bacteria [81, 83]. Thus, lysozyme increases the
permeability of Gram-positive bacteria and causes the burst of cells [82, 84]. Oppositely, the
antimicrobial efficiency of lysozyme against the Gram-negative bacteria is limited and even
lacks toward eukaryotic cell walls [82]. Additionally, there are studies that reveal the potential
of lysozyme to inhibit tumor formation and growth (anticancer agent) [85, 86].

Due to its multifunctionality and recognized antimicrobial efficiency, lysozyme is used, more
and more, in the biomedical field. A special attention was paid to the development of medical
devices by surface functionalization with lysozyme or composites based on it, which can also
act as drug delivery systems.

In this respect, Visan ef al. reported the deposition of composite coatings based on lysozyme
embedded in a mixture of polyethylene glycol (PEG) and polycaprolactone (PCL) by both
MAPLE and dip-coating techniques. The authors demonstrated the antimicrobial efficiency
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Figure 7. FTIR micrographs of the papain dropcast (a) and of the thin films obtained by MAPLE (b) for 5 wt% papain in
distilled water and a laser fluence of 0.75 J/cm? (reproduced with permission from [79]).

of PCL:PEG-lysozyme composite coatings, which was in good agreement with the viability
results with osteoblasts and MSC cells [87].

The incorporation of lysozyme into polymeric matrices was also studied by Grumezescu et al.
This time, poly(3-hydroxybutyric acid-co-3-hydroxyvaleric acid) (P(3HB-3 HV)) and PEG bio-
polymers were used as core shells for lysozyme, and the composite material was deposited by
MAPLE in the form of thin films. Both P(3HB-3 HV)/PEG/Lys and P(3HB-3 HV)/Lys coatings
proved a significant antimicrobial activity and an improved biocompatibility [88].

Such complex coatings based on lysozyme are promising for the nanobiomedical field due to
their potential use as bone implants.

3.3.3. Urease

Urease, a non-redox metalloenzyme, known also as nickel-dependent enzyme, induces the
hydrolysis of urea into ammonium and carbon dioxide [89-91]. Urease can also provide a
defense mechanism against pathogens by controlling the nitrogen content in the biological
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Figure 8. Fluorescence microscopic images of human SaOs2 cells grown on bare Ti, Ti/HA, and Ti/papain for 5 wt%
papain in distilled water and a laser fluence of 0.75 J/cm? (reproduced with permission from [79]).

environments [92]. In addition, urease can be isolated from a selection of organisms, comprising
bacteria, fungi, and plants [91]. Urease is a key enzyme used to determine the amount of urea
in biological solutions (blood), where urea being toxic above certain concentrations [93, 94]. The
removal of urea from waste water, food, and fruit juices is also relevant for domains such as
environmental analyses and the food industry [94]. The presence of urea can be determined by
electrochemical or optical methods, on the basis of the formed ammonia [90].

The use of urease in applications such as clinical diagnosis, environmental analysis and detec-
tion of food adulteration requires the maintenance of the enzyme stability, functionality and
activity as close as possible to its natural state [95].

The use of urease in biosensing applications was and still is an area of interest for a relatively
large number of scientists. In 2010, Gyorgy et al. reported the immobilization of urease (from
"icy” targets with different urease concentrations) in the form of thin films by using MAPLE
technique. The authors proved the stoichiometric transfer of urease, and further, the enzy-
matic activity was preserved. The kinetic and enzymatic activity of the immobilized urease
was evaluated by using the Worthington assay method (Figure 9) [90]. This study proved that
the thin film of urease could be active in urea disintegration if it is obtained under optimum
deposition conditions [90].

Furthermore, the key factor in the achievement of a high-sensitive biosensing unit could be
considered the optimum combination between biomolecules and nanomaterials [96]. In this
respect, Siqueira ef al. [96] studied the electrochemical properties of urea-based electrolyte-
insulator-semiconductor (EIS) sensor for urea detection. The authors described the synthesis
of LbL films for urease immobilization on capacitive EIS chips by using polyamidoamine
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Figure 9. The kinetic assay of urease thin film for (a) 1, (b) 3.5, and (c) 10 wt% concentrations in the frozen composite
targets deposited at 0.4 J/cm? laser fluence (reproduced with permission from [89]).

(PAMAM)/carbon nanotubes (CNT) as stabilizing matrices. The achievement of PAMAM/
CNT LbL films for urease immobilization opens new directions of research in the field of
biosensors, with the possibility of extension to other enzymes [96].

4. Conclusions

Direct laser ablation of organic/biological materials was considered for a long time inac-
cessible because of risks of decomposition and irreversible damages. The recent progress
of “soft” ablation laser techniques makes possible the safe expulsion and transfer of mate-
rials, from target to substrate for synthesis of structures of various bio-, nano-, and more
recently meta-materials. This opened the access toward pulsed laser technologies utiliza-
tion for the ablation of “delicate” simple and composite materials. Systematic complemen-
tary investigations demonstrated that, under proper irradiation conditions and “special
protection” as ensured by cryogenic utilization, the preservation is possible for basic mate-
rial composition, structure, morphology, and more likely functionality. Simultaneous or
subsequent ablation of organic/biological materials was reached for new top applications
in technology and in particular in nanobiomedicine. The chapter is based on recent origi-
nal results of the authors and a selection of the relevant existing new data from specialized
literature.
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Abstract

The structural modifications of KrF excimer laser-ablated zirconium (Zr) have been
investigated in correlation with its surface and mechanical properties after ablation in
deionized water and ethanol. KrF excimer laser of pulse duration of 20 ns, wavelength
of 248 nm, and repetition rate of 20 Hz has been utilized for this purpose. Irradiation of
Zr was carried out for varying number of laser pulses ranging from 500 to 2000 for laser
fluence value of 3.6 J/cm? The structural and chemical analyses were performed by using
X-ray diffraction (XRD), Raman spectroscopy, and energy dispersive X-ray spectroscopy
(EDS) techniques. Scanning electron microscope (SEM) and Vickers hardness tester were
utilized for the analysis of surface morphology and hardness of laser-irradiated Zr tar-
gets. Presence of surrounding liquids played substantial role in structural, chemical, and
mechanical modifications of Zr targets after irradiation. Pressure gradients and convective
bubble motion owing to the confinement effects of the surrounding liquids, several ther-
mal and chemical phenomena produced by heating through laser at the solid-liquid inter-
face results in the generation of various hydrides and oxides of Zr, which are responsible
for the development of various surface features and increase in hardness of irradiated Zr.

Keywords: zirconium, laser ablation, ambient environment, crystallinity, surface
morphology, hardness

1. Introduction

Laser-induced micro and nanostructuring of materials is a versatile approach to modify the
material properties for enhanced thermal properties [1], optical absorption [2], field emission
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properties [3], biocompatibility [4], hydrophobicity [5], and tribological performance [6]. The
interaction of laser radiations with solid materials, accompanied by a variety of instabilities,
may result in the formation of various surface features, for example, laser-induced periodic
surface structures (LIPSSs), cracks, nanodots, nanopores or nanocavities, and grains [7, 8].

Nanofabrication based on laser ablation strongly depends on parameters of laser beam,
such as number of pulses, pulse duration, wavelength, fluence, and material’s nature as
well as the environmental conditions and their nanochemical effects [8]. With increasing
number of pulses, the incubation effects become dominant, causing the reduction in abla-
tion threshold of the irradiated material. For metallic targets, incubation effects are related
to the accumulation of plastic deformation produced by laser-induced thermal stresses [9].
Materials ablation in liquid-confined environment has become an important technique for
the production of debris-free microstructures on material’s surface. The presence of a dense
medium adjoining to the molten layer of the target causes various instabilities. Various
kinds of structures can be grown due to the viscous flow of the vapors of the surrounding
liquid and its chemical reaction with the metals. Shock wave generation, confinement and
shielding effects, different cooling and quenching rates, and different chemical reactivity of
the environment significantly affects the ablation efficiency of the target material [1, 8] with-
out momentous effect on the stoichiometry of the target, and results in the development
of cavitation bubbles and colloids owing to the formation of metal alcohols and oxides.
Several physical processes such as formation of plasma, condensation, agglomeration,
nucleation and coalescence are accountable for the formation and growth of nanostruc-
tures in the presence of reactive environment [10]. Particles and nanostructures produced
by this process show liquid’s dense vapors interaction with the molten layer produced on
the surface of target. Such interactions are attributable to hydrodynamic instabilities under
such circumstances. The molten layer acts as a source for the formation of nanoparticles
and nanostructure. When beam focus passes through liquids, several nonlinear effects [11]
as well as higher harmonic generation, filamentation and self-phase modulation take place.
Considerable literature is already reported on liquid-based pulsed laser ablation of metals.
Barminaa et al. reported the improvement in thermionic properties of tungsten surface after
ablation in liquid environment [12]. Ablation of materials in the presence of surrounding
liquid includes heat transfer through convection/conduction and motion of bubbles, which
is responsible for the removal of particles redeposited over the surface and reduces the oxi-
dation of debris [13]; as a result, the enhanced coupling of energy to the target is directed to
hygienic and clean target surface [14].

The purpose of structural, surface, and mechanical modification of Zr by irradiation with
nanosecond laser is to develop and alter its widespread functional, physical, chemical, and
mechanical characteristics such as wear, hardness, and corrosion resistance etc. The devel-
opment of several surface structures can be well associated with the increase of chemical
reactivity of Zr. To achieve the enhanced chemical and mechanical properties, Zr targets were
irradiated with KrF excimer laser for varying number of pulses ranging from 500 to 2000, in
the presence of deionized water and ethanol. Various diagnostic techniques such as X-ray dif-
fractometry (XRD), energy dispersive X-ray spectroscopy (EDS), Raman spectroscopy, scan-
ning electron microscope (SEM), and Vickers hardness techniques were utilized to relate the
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surface morphology and hardness with the variations in chemical composition and crystal-
linity after irradiation.

2. Experimental setup

KrF excimer laser (EX 200/125-157 GAM Laser, USA) of pulse duration of 20 ns, pulse energy
of 70 m], repetition rate of 20 Hz, and wavelength of 248 nm was employed for irradiation of
Zr targets. The unfocused beam was rectangular with size 11 x 7 mm. The beam was focused
by using a circular lens of 50 cm focal length and the focused beam spot appeared elliptical
with major and minor axis of 2.5 x 1 mm, respectively.

Zr was bought from Alfa Aesar with purity 99.9%. EDS of the untreated and laser-irradiated
samples was performed to check the elemental composition of targets before and after irradia-
tion. Table 1 shows the wt.% of elements present in untreated and treated samples. Zr targets
rectangular in shape (dimensions: 8 x 8 x 2 mm) were grinded and polished to get mirror-like
surface in order to decrease the surface roughness and to enhance the quality of the surface.
The polished samples were cleaned ultrasonically for 30 minutes with acetone. These pol-
ished samples were then placed in quartz cuvette (Cuvette dimensions: 10 x 10 x 45 mm).
Figure 1 shows the schematic diagram of the experimental setup. Threshold fluence for Zr
was calculated by using following relation [15].

Fth = va\/rta (1)

where “L " is the specific heat of vaporization per unit mass, “p” is the density of sample, “a”
is the thermal diffusivity (a = K/pC, where C and K are the specific heat and thermal conduc-
tivity respectively), and t_is the pulse duration of laser and their values are, p = 6.52 g/cm’,
L, =6375]/g, a=0.1246 cm?/s, t, =20 ns by substituting the values in above equation, we get the
value of threshold fluence, which comes out to be 2.08 J/cm?. Zr targets were exposed for sev-
eral number of overlapping laser pulses ranging from 500 to 2000, for laser fluence of 3.6 J/cm?,
which is higher than the threshold fluence. The ablation threshold fluence is the minimum
fluence to generate a surface damage that can be seen under the SEM. For nanostructuring of

Elements Untreated (wt. %) Deionized water (wt.%) Ethanol (wt.%)
Zr 87.52 70.78 74.81
B 2.78 2.75 4.08
2.82 2.59 3.36
O 491 21.52 15.55
Re 1.97 2.36 2.20

Table 1. The comparative EDX analysis of the unirradiated and central-ablated area of zirconium target after excimer
laser irradiation at a fluence of 3.6 J/cm?, wavelength of 248 nm, pulse duration of 20 ns, and repetition rate of 20 Hz for
1000 laser pulses under ambient environments of deionized water and ethanol.
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Figure 1. Schematic diagram of experimental setup.

materials, fluence should be higher than the threshold fluence and in order to avoid intense
heating/melting and burning of the samples, fluence should not be very high.

Absorption coefficient for deionized water has value of 5.05 x 10°/cm [16], whereas for etha-
nol its value is 4 x 10%/cm [17]. It shows that ethanol will absorb more energy than deion-
ized water; so, less energy will reach the target surface in case of ethanol. This shows that
the threshold fluence value will be more for ethanol than deionized water. Experiment was
conducted in two steps: (a) nanosecond laser ablation of Zr in ambient environment of deion-
ized water, (b) nanosecond laser ablation of Zr in ambient environment of ethanol. Before
exposure to laser, every time fresh liquid was filled in the cuvette with 4 mm thickness over
the sample.

To evaluate the crystal structure and phase analysis of the irradiated Zr targets X-ray dif-
fractometer (X'Pert PRO (MPD)) was employed. For chemical analysis, energy dispersive
X-ray spectroscopy (EDS-53700 N) was used. Raman spectroscopic analysis was performed
to determine the structural modification of laser-ablated Zr. Scanning electron microscope
(SEM-JEOL JSM-6480 LV) was employed to study the surface morphology of ablated targets.
Hardness was evaluated by employing the Vickers microhardness tester (HV-1000A).

3. Results and discussion

3.1. Effect on surface microstructure

Figure 2 shows the XRD pattern of unirradiated Zr target. Unirradiated sample shows the
presence of Zr (100), (002), (101), (102), (110), (103), (004), and (104) plane reflections.

Figure 3a represents the XRD diffractograms of laser-irradiated Zr targets, in an ambient
environment of deionized water, for varying number of laser pulses ranging from 500 to 2000.
Figure 3b shows the variation in crystallite size and residual stresses with increase in number
of laser pulses. New phases of Zr oxides (zirconia): ZrO, (-111) (111), (212), (321), (220), Zr,O
(201), (200), (217) and Zr hydrides: ZrH, (112), ZrH (123) are also detected together with the
original phases of Zr.
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Figure 2. XRD patterns of unirradiated zirconium.

For ZrO, (212) plane reflection, the crystallite size is calculated by using Scherrer’s formula
[18].

09A

Crystallite Size (D) = w0 cosp (2)

where D is crystallite size, A is the wavelength of X-rays (1.5406 A), FWHM is full width at half
maximum, and 0 is the angle of diffraction.

Following relation is used to evaluate the residual strains [18].

Strain (¢) = d_:o 3)

where d is the observed, d, is the standard plane spacing, and ¢ is the induced strain.

By using the relation given below, the induced stresses are calculated
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Figure 3. (a) XRD patterns of excimer laser-irradiated zirconium samples, (b) variation in the crystallite size and residual
stresses of laser-irradiated zirconium for various number of overlapping laser pulses in an ambient environment of
deionized water.
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Stress (0) = ¢E 4)

where ¢ is the strain, E is the young’s modulus for ZrO, and its value is 186.21 GPa [19].

Intensity of peak and crystallite size of ZrO, (212) reflection plane first decreases and then
increases with increase in number of laser pulses, Figure 3a, b. Initial reduction in the inten-
sity of peak is due to the recrystallization of the irradiated targets during resolidification after
melting.

After irradiation with laser, the larger crystallites breakup into smaller ones (Figure 3b) that
also results in decrease in peak intensity [20]. The decrease in size of the crystallites is also
credited to the interstitial diffusion of the gas atoms, which causes the peak broadening owing
to the variation of d-spacing [21]. The ablated Zr atoms chemically react with atoms of the
surrounding gas (oxygen/hydrogen) and redeposit on the target surface after the formation of
oxides and hydrides. Formation of theses oxides and hydrides is attributable for the decrease
in crystallite size [22]. The possible defect production and growth of residual stresses might
also be considered to be other reasons for decrease in the crystallite size [22]. An increase in
stacking faults and structural disorder owing to the diffusion of hydrogen/oxygen widens the
XRD peaks [23]. Increases in density of point defects affect the crystallinity and grain bound-
ary mobility, which in turns causes a linear increase in the FWHM of XRD peak. The increase
in intensity of the peak and crystallinity of ZrO, (212) reflection plane is due to the increased
oxygen diffusion into the surface across the boundaries of grains and enhancement in the
X-ray’s diffraction from the surface of the target [24]. The diffusion of oxygen in Zr after irra-
diation is exhibited in EDX analysis depicted in Table 1. The microstructure and Bragg’s con-
ditions of diffraction of Zr surface gets modified after the interaction with nanosecond laser.
These variations in the microstructure and Bragg’s conditions of diffraction are attributable
to the variation in d-spacing and intensity of diffraction lines. The variation in laser-induced
residual stresses for a variety of number of laser pulses is exhibited in Figure 3b.

Laser-induced thermal shocks and lattice defects generated by oxygen ions incorporation
into the lattice may cause residual stress variation. Compressive stresses are generally due to
ion implantation, whereas laser-induced thermal shocks are responsible for tensile stresses
[25]. For 500 number of laser pulses, high tensile stresses are present, which relax on increase
in number of laser pulses to 1000. The defects and stresses produced by initial pulses are
annealed and relaxed after successive pulses. When number of pulses are increased up to a
value of 2000, thermally induced shocks results into increasing tensile stresses [24].

XRD patterns displayed in Figure 4a confirms the presence of oxides (zirconia) and hydrides
of zirconium after irradiation in an ambient environment of ethanol for various number of
overlapping laser pulses of (a) 500, (b) 1000, (c) 1500, and (d) 2000. New phases of zirco-
nium oxides (zirconia): ZrO, (111), (212), (321), (114), Zr,0O (201), Zr,O (217), and zirconium
hydrides: ZrH (123) and ZrH, (112) (appeared after 1000 laser pulses) are observed along with
the original phases of zirconium.

Decrease in intensity (Figure 4a) and crystallinity (Figure 4b) of ZrO, (212) plane reflection is
observed with increasing number of laser pulses up to 2000. Decrease in peak intensity and
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crystallite size is attributable to interstitial diffusion of oxygen atoms/ions. Interstitial diffu-
sion of oxygen atoms/ions induces microstrain defects and these induced defects causes an
increase in FWHM and reduction in the peak intensity and crystallite size.

Figure 4b also represents variation in induced stresses of zirconium after irradiation with vari-
ous number of laser pulses. For 500 number of laser pulses, tensile stresses are observed. They
relax with increasing number of laser pulses up to 2000. This relaxation is due to reduction in
crystallite size. Diffusion of oxygen/hydrogen atoms into the surface causes the decrease in
crystallite size and hence causes the highly tensile stresses to be relaxed.

Comparison of XRD data of ablated zirconium in deionized water (Figure 3) and etha-
nol (Figure 4) shows the presence of oxides (zirconia) and hydrides of zirconium for both
media.

Energy dispersive X-ray spectroscopy (EDS) was carried out for chemical analysis of unir-
radiated and irradiated zirconium targets. Unirradiated sample shows following contents:
zirconium ~ 87.52 wt.%, balanced to 100% by B (~2.78 wt.%), C (~2.82 wt.%), O (~4.91), Re
(~1.97 wt.%). Table 1 shows the comparative EDX analysis of the unirradiated and cen-
tral-ablated area of Zr target after excimer laser irradiation under ambient environments
of deionized water and ethanol. The increase in the content of oxygen from 4.91 wt.% to a
value of 21.52 wt.% is observed in case of deionized water, whereas less diffusion of oxygen
(15.55 wt.%) but increase in content of carbon from 2.82 to 3.36 wt.% is observed in case of
ethanol. Multipulse irradiation induced heating of Zr causes efficient diffusion of atomic oxy-
gen/carbon into the target surface; therefore, oxides and carbides are formed [26].

Figure 5a, b shows the Raman spectra of Zr samples irradiated for various number of laser
pulses at a fluence of 3.6 J/cm? in ambient environments of deionized water and ethanol.
Raman modes arise after laser ablation of Zr due to the formation of oxides and hydrides of
Zr on the metallic surface.

For deionized water (Figure 5a), Raman peaks identified at 320, 337 cm™ represents the Zr—Zr
bond. Peak identified at 535 cm™ corresponds to O—O bond [27], while peaks appearing at
363, 372, 420, 480, and 640 cm™ are characteristic bands of monoclinic ZrO, [28] and the peak
identified at 269 cm™ can be assigned to the presence of tetragonal ZrO, [29]. The inset of
Figure 5a represents the identified peak of zirconium hydride (ZrH) at 1597 cm™.

Figure 5b represents Raman spectra for ethanol environment. Peaks identified at 351, 422, and
538 cm™ correspond to monoclinic ZrO, [28]. Raman peaks identified at 269 and 312 cm™ can
be assigned to the presence of tetragonal ZrO, [29]. Peak identified at 476 corresponds to O—O
bond [27]. The inset of Figure 5b represents identified peak of C=0 at 1760 cm™.

The Zr samples after irradiation in deionized water and ethanol consist of a mixture of mono-
clinic and tetragonal ZrO, phases. The presence of hydride is confirmed from Raman spectra
of samples irradiated in deionized water and the presence of carbon diffusion is confirmed
only in case of ethanol. These Raman results are in good agreement with the EDS and XRD
results.
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Figure 4. (a) XRD patterns of excimer laser-irradiated zirconium samples, (b) variation in the crystallite size and stresses
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3.2. Effect on surface morphology

Figure 6a—e represents the surface morphology of Zr sample after irradiation with various
number of overlapping laser pulses at fluence of 3.6 J/cm? in an ambient environment of
deionized water.

Figure 6a exhibits the surface morphology of Zr sample after irradiation with 500 laser
pulses. No significant redeposition of the material around the edges of the craters is observed
because the ablated species are taken away by the surrounding liquid. Rapid temperature
rise during laser-induced plasma expansion/formation generates bubbles in the liquid. The
bubble motion is responsible for the removal of ablated particles and hence no redeposition
on the target surface is observed [30]. The liquid has played considerable role in ablation of
Zr and it effectively cools the target preventing the excessive heat accumulation after laser
irradiation.

Figure 6b-e reveals enlarged SEM images of the central-ablated area of Zr in an ambient envi-
ronment of deionized water for various number of pulses, that is, (b) 500, (c) 1000, (d) 1500,
and (e) 2000. Figure 6b reveals the uniform distribution of large number of droplets over the
porous surface. Small-sized cavities and cracks are also present with some signs of melting.
Further increase in laser pulses up to 1000, few large-sized droplets along with cavities are
revealed (Figure 6¢). No cracks are observed for 1000 laser pulses. For 1500 number of laser
pulses, density of pores and cracks increases significantly (Figure 6d). For 2000 number of
pulses, highly porous surface is observed, whereas the droplets and cavities are completely
vanished (Figure 6e).

Pulsed laser irradiation of Zr in liquid-confined environment creates high temperature and
high pressure plasma, and consequently, high density of excited electrons. These electrons
transport their energy to phonons during electron-phonon relaxation. The energy is redis-
tributed during lattice vibrations and as a result, heat is conducted in the Zr target. This
heat might melt or vaporize the sample. It is worth noting that the surface morphology of
the irradiated Zr consists of large number of pores and cavities. An explosive melt expul-
sion in the confined environment could be a prevailing process for the laser ablation of Zr
in deionized water [31]. These results are well correlated with the change in the crystallinity
of the irradiated samples. For 500 number of laser pulses, highly tensile stresses are present
(Figure 3b), which are responsible for the presence of cavities and pores over the surface. For
1000 pulses, refilling of cavities by melted and shock-liquefied material causes vanishing of
pores and cavities representing the relaxation in tensile stresses [32]. For 2000 laser pulses,
highly porous surface shows the presence of enhanced tensile residual stresses after irradia-
tion (Figure 3b).

Figure 7 represents the surface morphology of overall and central-ablated area of Zr samples
after irradiation with various overlapping numbers of laser pulses at 3.6 J/cm? in an ambi-
ent environment of ethanol. Figure 7a is an overall view of ablated area exposed to 500
laser pulses. Appearance of the overall ablated area is less distinct or faint as compared to
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Figure 6. SEM images revealing the surface morphology of (a) overall view of the ablated crater after excimer laser
irradiation with 500 laser pulses at a fluence of 3.6 J/cm? (b—e) magnified SEM images of central-ablated area revealing
the variation in surface morphology of zirconium after irradiation under ambient environment of deionized water for
various number of overlapping laser pulses, that is, (b) 500, (c) 1000, (d) 1500, and (e) 2000.

the overall image of ablation spot in case of deionized water. From literature, the observed
values of absorbance and absorption coefficient are 0.00086 and 5.05 x 10-*/cm for deionized
water [16], whereas 0.0055 and 4 x 10%/cm for ethanol [17]. This difference in the appearance
of ablation spot is attributable to more absorption of energy (0.0055) by ethanol, then deion-
ized water.
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Figure 7b-e reveals enlarged view of SEM images of the central-ablated area of Zr in an ambi-
ent environment of ethanol for various number of pulses, that is, (b) 500, (c) 1000, (d) 1500,
and (e) 2000. Figure 7b represents granular morphology with distinct grain boundaries with
average grain size of 2.20 um. With increase in the number of laser pulses up to 1000 increase
in size of grains up to 3.06 pum is observed with distinct and wider boundaries (Figure 7c).
Further increase in number of pulses up to 1500 shows globules instead of distinct grains. The
presence of cracks and large number of pores is also evident (Figure 7d). For 2000 number of
laser pulses, material segregates into distinct grains with average grain size of 3.26 pm and
much wider grain boundaries (Figure 7e).

Figure 7. Magnified SEM images of excimer laser-irradiated zirconium at a fluence of 3.6 J/cm? (a) overall view of sample
irradiated with 500 overlapping pulses (b-e) Magnified SEM images of central-ablated area revealing the variation
in surface morphology of zirconium after irradiation under ambient environment of ethanol for various number of
overlapping laser pulses, that is, (b) 500, (c) 1000, (d) 1500, and (e) 2000.
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Laser-induced heating and cooling, the temperature gradient, and laser-induced residual
stresses are responsible for growth of such grains [26]. When the laser pulse is over, the molten
material generated by fast heating is supercooled and acts as an effective heat sink that quickly
removes any released latent heat and causes the crystal growth. The presence of pores and
cracks across the grain boundaries confirms the presence of tensile residual stresses after abla-
tion in ethanol environment.

The presence of various crystal planes is property of the material. Variations in surface mor-
phology can be related to the motion of the crystal planes after laser irradiation due to the
production of defects owing to diffusion, which causes the formation of various new crystal
planes (ZrO,, Zr,O, ZrH, ZrH, etc). During irradiation, diffusion of oxygen/carbon/hydro-
gen caused the increase in density of point defects, stacking faults, and structural disorder,
which results in higher angle shifting of planes, which causes the production of compressive
stresses. Laser-induced thermal shock causes the peak shift to lower angular position, which
confirms the production of tensile residual stresses [25]. Variations in stresses are responsible
for the production of various type of surface features, for example, cavities, pores, cracks,
droplets, bumps, hillocks, protrusion, etc. after irradiation [21].

In case of ethanol, tensile stresses are present for all laser pulses (from 500 to 2000), but their
behavior is not in agreement with the surface morphology especially for 1500 number of laser
pulses. We have calculated stress variations for only one plane, that is, ZrO, (212). But other
phases also play role for surface modification after irradiation, for example, with the increase
of number of pulses from 500 to 1000 formation of new phases (Zr,0O, ZrH,, ZrQ,) is observed
due to the enhanced diffusion of oxygen/hydrogen across the grain boundaries, which results
in increase in grain size (Figure 7b) along with wider grain boundaries. For further increase
of number of pulses from 1000 to 1500, some peaks get demolished (ZrO,, Zr,0), whereas
growth of some other phases (ZrH, ZrH,, Zr,O) is observed on the target surface. This shows
that energy transferred to the target surface after 1500 number of laser pulses causes the laser
annealing on target surface. After laser annealing during recovery process, rapid cooling due
to the presence of surrounding liquid, some phases do not get sufficient energy to grow,
whereas some of them get to grow. This is the reason for different structures over the surface
for 1500 pulses (Figure 7c, subsurface boiling, globules, pores, and cracks). For 2000 num-
ber of pulses after annealing, due to recrystallization phenomena reduction in peak intensity
and increase in FWHM, is observed for almost all phases along with the growth of demol-
ished phases due to the diffusion of oxygen/hydrogen across the boundaries is observed. This
variation is responsible for further variation in surface morphology of irradiated zirconium
(Figure 7e).

Laser-induced rapid heating, cooling, and a large temperature gradient are considered to
be responsible for grain growth. Grain growth occurs as a result of the recrystallization pro-
cess, which arises during irradiation in order to minimize the absorbed strain and surface
energy. The inter planar atomic motion reorients the lattice at the expense of this energy,
which leads to the growth of large and smooth grains [33]. Cavities are formed by the
liberation of adsorbed gases beneath the surface during laser irradiation, due to volume
boiling [34].
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Melting of the target surface after laser irradiation activates reaction between the molten
surface and surrounding media. After laser irradiation, recrystallization takes place and
oxygen, carbon//hydrogen disseminates into the surface (oxygen insertion is confirmed by
EDS analysis and hydrogen diffusion is confirmed by XRD analysis) particularly at the grain
boundaries, attack and weaken them. The attacked and weakened grain boundary in turn
enhances the effect of tensile stress and causes the widening of the grain boundaries [35].
Successive heating by overlapping laser pulses enhances diffusion of oxygen/hydrogen into
the molten surface and causing the formation of oxides and hydrides of Zr (confirmed from
XRD analysis) [26].

Comparison of two media, deionized water (Figure 6) and ethanol (Figure 7), shows sig-
nificant dissimilarities. For laser ablation in deionized water porous surface features are
observed with large number of pores and cavities over the surface. For ethanol distinct,
well defined and small-sized grains are developed. This difference in surface morphology is
attributable to the difference in absorption offered by the liquids and difference in chemical
reactivity of Zr with both liquids. During irradiation of Zr in liquid environment, plasma
plume from the solid target will be generated at the solid-liquid interface and remains con-
fined. A shock wave is created in the plasma plume by the laser-induced plasma due to the
confinement of liquid. This shock wave will induce an extra pressure in the laser-induced
plasma called plasma-induced pressure [36]. The plasma-induced pressure will lead to an
additional temperature increase of the laser-induced plasma. Therefore, the shock wave gen-
erated by the expansion of laser-induced plasma, under confinement of liquid pushes the
laser-induced plasma into a thermodynamic state of the higher temperature, higher pres-
sure and higher density, and the plume species react with surrounding liquid molecules in
this extreme state to form various compounds like ZrO, (tetragonal and monoclinic), Zr,O,
ZrH, and ZrH, [37].

Intermolecular forces determine the physical and chemical characteristics of a substance, such
as boiling and melting points, viscosity, solubility, volatility, and surface tension. Ethanol
(C,H,O) is more volatile than water (H,O), and it boils at a much lower temperature (78.24°C)
than water (100°C). The strength of the intermolecular forces in ethanol is much less than
water. In water, intermolecular hydrogen bonding takes place due to the presence of highly
polar O—H bond in the H,O molecule. Ethanol can also participate in hydrogen bonding, but
not as successfully as water because it has a non-polar region. Heat of vaporization of water
is 44 kJ/mol and its vapor pressure is 3.17 kPa at 25°C, whereas for ethanol, the value of heat
of vaporization is 38.56 kJ/mol and its vapor pressure is 5.95 kPa at 25°C. The molar mass of
water is 18 g/mol and for ethano], its value is 46.07 g/mol, which is more than twice the mass
of water that means, when 1 g of water evaporates, it absorbs more than two times as much
heat as 1 g of ethanol evaporating. So, ethanol boils at a lower temperature than water, and its
equilibrium vapor pressure is higher at all temperatures. That is why ethanol is more volatile
than water and is responsible for the formation of various compounds of Zr. Physical proper-
ties of both liquids are mentioned in Table 2.

XRD and Raman results reveal the formation of zirconium oxide (ZrOz, Z1,0), zirconium
hydride (ZrH, ZrH2) in case of ablation in deionized water and ethanol. Diffusion of carbon
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Physical properties of liquids

Properties Deionized water Ethanol

Melting point 0°C -114.14°C

Boiling point 100°C 78.24°C

Viscosity 0.890 mPa's 1.074 mPa-s
Density 0.9970474 g/cm? 0.7893 g/cm®
Refractive index 1.3330 1.3611

Heat of vaporization 44 kJ/mol 38.56 kJ/mol
molar mass 18 g/mol 46.07 g/mol
Absorption coefficient 5.05 x 10%/cm 4 x10?%/cm
Vapor pressure 3.17 kPa (at 25°C) 5.95 kPa (at 25°C)
Strength of the intermolecular High due to presence of highly polar O—H Low due to presence of nonpolar
forces bond region

Volatility Low High

Table 2. Physical properties of liquids (deionized water and ethanol).

along with oxygen (C=0O) is only confirmed through the Raman analysis of samples
ablated in ethanol environment (EDS supports the results of XRD and Raman, it con-
firmed the diffusion of oxygen in case of deionized water and diffusion of oxygen/carbon
in case of ethanol). Pulsed laser ablation in liquid is an extremely nonequilibrium pro-
cess. When the nanosecond laser pulses interact with Zr at the liquid-solid interface, the
absorption is granted by electrons in the metal. In terms of time scaling, absorption takes
place after 107* s. The hot carriers can transfer their energy to the target lattice leading
eventually to a solid-liquid phase transition. This energy transfer leads to an equilibrium
on a timescale, TE = 1072 — 10" s and the mass removal will occur from equilibrium
phase transition [38]. The ejected species will have large kinetic energy after irradiation
and a plasma plume is formed at the interface. The plasma plume expands adiabatically
while the liquid confines it. The confinement effect of liquids result in much higher tem-
perature and pressure inside the plasma plume [37] and the plume species react with
the surrounding liquid molecules in this extreme state. Moreover, the cooling effect of
the liquids cause quenching of the plasma plume and the plume species solidifies to
preserve materials in the final yield. In our case zirconium oxide ZrO, (monoclinic and
tetragonal phases), Zr,O, and zirconium hydride (ZrH, ZrH,) in case of ablation in both
deionized water and ethanol, whereas in case of ethanol C=O are synthesized and rede-
posited over the surface after fast quenching of the plasma plume at room temperature.
Furthermore, the laser energy absorption in case of deionized water is less than ethanol.
High absorption in ethanol for 248 nm laser than water implies small rise in surface
temperature during irradiation, which supports grain growth. In case of water due to
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less energy absorption for 248 nm laser, average rise in surface temperature will be high,
which causes the melting and resolidification of Zr targets. This results in the formation
of cavities, pores, cracks, and droplets over the surface after irradiation. The strength of
the intermolecular forces in ethanol is much less than water, that is why ethanol is more
volatile than water and is responsible for the diffusion of carbon along with hydrogen
and oxygen. The observed diffusion of carbon may also be responsible for different struc-
ture in case of ablation in ethanol.

Moreover, the cooling effect of the liquids causes quenching of plasma plume and the plume
species will be redeposited over the target surface. This is the reason for variation in con-
centration of various elements after ablation as compared to unirradiated Zr (EDS analysis,
Table 1). The formation of ZrO, (monoclinic and tetragonal phases), Zr,O, and zirconium
hydride (ZrH, ZrH,) in case of ablation in both liquids and formation of C=O in case of etha-
nol plays considerable role in the formation of various microstructures. During exposure in
liquid environments, the sample surface gets cooled in the presence of liquids, which results
in less pronounced thermal effects and the surface morphologies become much cleaner and
smoother.

3.3. Effect on surface mechanical property

Untreated Zr sample shows hardness value of 850 MPa. Figure 8 shows the variation in hard-
ness of nanosecond laser-irradiated Zr targets as a function of increasing number of laser
pulses. Figure 8a shows the variation in hardness after irradiation with nanosecond laser in
ambient environment of deionized water. For 500 laser pulses, hardness value of 964 MPa
is observed, which increases (up to 1125 MPa) with increase in number of laser pulses up to
1000. Further increase in number of laser pulses up to 2000 shows continuous decrease in
hardness (up to 995 MPa).
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Figure 8. The variation in microhardness of excimer laser-irradiated zirconium in ambient environment of (a) deionized
water and (b) ethanol.
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Variations in the value of hardness depend on a number of factors including the lattice
defects, density of oxide contents, phase composition, size and distribution of grains and
crystal structure [39]. Increase in hardness is attributable to interstitial diffusion of oxy-
gen into the lattice, which results in decrease in crystallite size and tensile residual stresses
(Figure 3b) [40]. Smaller crystallite size is efficient in obstructing the dislocation movement
and is responsible for high strength and hardness. Decrease in value of hardness, of irradi-
ated targets can be explained on the basis of increasing crystallite size and enhanced tensile
residual stresses. Oxygen diffusion across the grain boundaries results in larger crystallites
(Figure 3b) that are more prone to coarsening, leading to lower crystallite density, and hence
lower hardness [40, 41].

Figure 8b shows the variation in surface hardness after irradiation in ambient environment
of ethanol. For 500 number of laser pulses, hardness of 960 MPa is observed, which increases
with the increase in number of laser pulses up to 2000 (up to 1130 MPa).

4. Conclusion

The structural modifications of KrF excimer laser-ablated Zr has been investigated in
correlation with its surface and mechanical properties after ablation in ambient environ-
ments of deionized water and ethanol. Both ambient environments have played signifi-
cant role in structural, chemical, and mechanical modifications of the irradiated zirconium
surface.

XRD results show diffusion of oxygen and hydrogen into the surface, which cause the for-
mation of Zr,O, monoclinic, and tetragonal phases of zirconium oxide (ZrO,) and hydrides
of zirconium (ZrH, ZrH,) on the metallic surface. EDS analysis confirmed the increase in
content of oxygen for both liquids. Raman analysis supports the EDS and XRD results. It
confirms the formation of zirconia and hydrides of zirconium after ablation. The presence
of liquids helps in removing the ablation debris and reducing the thermal damages, and
offered cleaner surface during laser ablation of Zr. As a result, the surface morphologies of
the craters produced are much smoother. For ablation in deionized water, porous surface
morphology is observed for whole range of laser pulses, whereas fine grains are formed in
case of ethanol environment. Formation of ZrO2 (monoclinic and tetragonal phases), Zr3O,
and zirconium hydride (ZrH, ZrH,) in case of ablation in both liquids and formation of C=0
in case of ethanol and different absorption offered by both liquids plays considerable role
in the formation of various microstructures. Different interacting mechanisms such as recoil
pressures, production of bubbles, and laser-induced surface melting of Zr also plays consid-
erable role in the formation of various microstructures. First, increase and then decrease in
hardness is observed in case of deionized water, whereas continuous increase in hardness
is observed for ethanol. Variations in hardness depend on a number of factors including the
lattice defects, density of oxide contents, phase composition, size and distribution of grain,
and crystal structure.
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Abstract

To investigate ultrafast phenomena, a novel, ultrafast imaging technique was developed.
Sequentially timed all-optical mapping photography (STAMP) performs single-shot
image acquisition without the need for repetitive measurements and without sacrificing
high-temporal resolution and image quality. The principle of this imaging method is
based on the all-optical approach, and therefore it overcomes the temporal resolution in
conventional high-speed cameras. Also, STAMP’s single-shot movie-shooting capability
allows us to obtain sequential images of non-repetitive ultrafast dynamic phenomena.
Here, we present the motion pictures of early stage dynamics during femtosecond laser
ablation captured by two types of STAMP setup. Breakdown was induced by intense
femtosecond laser pulse and monitored with a frame interval of 15.3 ps and a total of six
frames. The movie clearly shows the plasma generation and expansion on glass surface.
Also, filamentation was generated inside a glass and observed with a frame interval of
230 fs and total of 25 frames. These phenomena have previously only been observed by
pump-probe imaging. STAMP is a powerful tool to understand precise processes of com-
plex dynamics in ultrashort laser ablation.

Keywords: laser ablation, ultrafast imaging, STAMP, laser breakdown, filamentation

1. Introduction

The dynamics of laser ablation is important for laser machining [1] and laser surgery [2]. In par-
ticular, research on a femtosecond laser ablation has been performed to utilize its advantages:

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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high-energy efficiency, low thermal effects, precise structuring due to the multiphoton absorp-
tion process, etc. Recent studies investigate more complex mechanism in laser ablation induced
by multiple burst pulses [3], optical vortex [4], and so on. For understanding these dynamics, a
method for direct observation of ultrafast phenomena has been required.

In this chapter, we introduce an ultrafast photographic technique, called “sequentially timed
all-optical mapping photography (STAMP)” [5] for sub-nanosecond single-shot imaging and
then present motion pictures of ultrafast dynamic events in ultrashort laser ablation.

2. High-speed imaging techniques for monitoring fast process of
ultrashort laser ablation

High-speed imaging is powerful tool for discovering and studying dynamic phenomena
[6, 7]. Many techniques and instruments have been developed to satisfy a great demand for
observation of fast events. We need to choose an appropriate method according to the phe-
nomena what we observe. Figure 1 shows the timescale of physical events in ultrashort laser
ablation of transparent materials [8]. The dynamics of femtosecond laser ablation is character-
ized differently on various time scales. First, laser ablation occurs by the material’s absorption
of photons at t =1 to ~100 fs. At t = ~100 fs to ~10 ps, the energy of the electrons is transferred
to the lattice via carrier-phonon scattering. At t = ~10 ps to ~10 ns, a shockwave and plume
are formed at and propagate from the focal volume. Also, on the same time scale, the thermal

<«— Absorption of photons

o Carrier excitation L
S <+— Avalanche ionization
£ - - -
] L <+— Carrier-carrier scattering
&  Thermalization ) )
= +—— Carrier-phonon scattering
© ..
S <+———— Shock-wave emission
=
o Thermal and structural events <+— Thermal diffusion
« *» Resolidification
Time (s) 101 1012 ,10° 108
8  Repetitive < .
S measurement Pump-probe technique
o
= A
§ High-speed image sensor
= Single-shot «
‘S, measurement Multi-channel framing camera
j1]
S STAMP

Figure 1. Timescale of physical events in ultrashort laser ablation and high-speed imaging technologies. The upper part
of this figure is illustrated based on [8].
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energy diffuses from the focal volume. In the bottom half of Figure 1, the characteristic of
imaging technologies is summarized. Here, we review pump-probe technique and conven-
tional high-speed cameras and introduce STAMP.

2.1. Conventional techniques for capturing ablation dynamics

Time-resolved imaging based on the pump-probe technique is a popular method for studying
ultrafast dynamic events in laser ablation. Its principle is the construction of a time-resolved
motion picture from repetitive measurements with different time delays between the trigger
pulse (pump) and measurement pulse (probe). Although the pump-probe imaging allows
us to capture ultrafast phenomena with the high-temporal resolution without the need for a
fast detector, it requires that the event under observation to be relatively simple and easily
reproducible. It falls short in studying non-repetitive or difficult-to-reproduce events such as
those found in laser ablation of biological materials and carbon fiber reinforced plastic and
multi-pulse laser ablation [3].

In many fields of basic science or applied technology, the versatile video camera based on
charged-coupled device (CCD) or complementary metal-oxide-semiconductor (CMOS) tech-
nology has been widely used for study of dynamic phenomena. For achieving high temporal
resolution in imaging, specialized instruments (for example, the in-situ storage image sensor
[9], rotating mirror camera [10], and multi-channel framing camera [11]) have been devel-
oped. The time response of these instruments is ~1 ns, limited due to technical limitations
in mechanical and electrical components of the camera such as mechanical scanning, data
readout, and shutters.

A streak camera [12] is also used for monitoring ultrafast events with a sub-nanosecond resolu-
tion. The streak camera which operates by electronically sweeping the spatial profile of the tar-
get onto an image sensor can run faster than the 2D high-speed cameras. Although the streak
camera can provide a femtosecond temporal resolution, its operation is limited to 1D imaging.

2.2. Sequentially timed all-optical mapping photography for sub-nanosecond
single-shot imaging

STAMP was developed in order to overcome the limitations in conventional high-speed imag-
ing technologies and to observe non-repetitive ultrafast phenomena. It performs continuous,
single-shot, burst image acquisition without the need for repetitive measurements, yet with
equally high-temporal resolution and image quality.

In ultrafast events, the information we need is compressed in the time domain. When we
acquire a movie in the time domain, we have to use a device or material that has a very fast
response speed to resolve and take the compressed information. All of these direct approaches
must face to limitations in the response speed of the device or material. In order to avoid these
limitations, STAMP performs “mapping” of the target’s time-varying spatial profile onto a
burst stream of photographs with spatiotemporal dispersion (Figure 2). The camera’s all-
optical operation eliminates the speed bottleneck that exists in conventional burst cameras
and hence enables ultrafast, multi-dimensional motion picture photography.

107



108

Laser Ablation - From Fundamentals to Applications
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Figure 2. Principle of STAMP. (a) The target is illuminated by light with wavelength of A, A,, and A, at time t,, t,, and t,.

v Ay
(b) The light modulated by the target is spectrally separated and detected on different positions s, s, and s,. (c) Based on
both the correspondence relation between time t and wavelength A and the correspondence between wavelength A and

space s, the images are reconstructed as a movie.

Basic configuration of STAMP is schematically shown in Figure 3. It consists of an ultra-
short pulse source, a temporal mapping device, a spatial mapping device, an image sensor,
and a computer. The key components for realizing STAMP are a temporal mapping device
and a spatial mapping device. The operation of STAMP is as follows. First, an ultrashort
laser pulse generated by the laser source is temporally and spectrally shaped into a series
of discrete daughter pulses by the temporal mapping device. Here, the daughter pulses cor-
respond to different spectral bands of the original pulse. The daughter pulses are incident
onto the target as successive “flashes” for stroboscopic image acquisition (which can be con-
ducted in either the reflection or transmission mode, depending on the reflectivity profile of
the target). The image-encoded daughter pulses are “passively” and “optically” separated
by the spatial mapping device and incident onto different areas of the image sensor. Even
though the events are very fast, we can use highly sensitive image sensors that permit micro-
scopic imaging with low-intensity illumination. The data recorded on the image sensor are
digitally processed on the computer to reconstruct motion pictures with the frame interval
and exposure time calibrated from the settings of the pulse stretcher and pulse shaper in the
temporal mapping device. It can be tuned, depending on the time scale of the dynamical
event of interest [13]. The total number of frames can also be changed, depending on the
bandwidth of the original laser pulse and the settings of the temporal and spatial mapping
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Figure 3. Basic configuration of STAMP.

devices. The speed barriers of mechanical and electrical operation can be eliminated com-
pletely, since only light emitted from the pulse source travels to the image sensor through
the passive optical system.

As described above, the main feature of STAMP is its capability of sub-nanosecond multi-
dimensional image acquisition with high image quality and without repetitive measurements.
Additionally, in the STAMP operation, various imaging techniques such as interferometry,
polarization imaging, and shadowgraph imaging can be employed for visualizing phenom-
ena. On the other hand, there are some limitations in STAMP. We have to consider the poten-
tial negative effects of samples on STAMP’s operation. STAMP has difficulty in being applied
to photograph luminous objects. Also, we assume that the sample does not have any strong
dependence on wavelength in STAMP’s spectral range. In order to capture target phenomena,
we need to understand these features and design its optical setup properly.

3. Real-time observation of early stage plasma evolution during
femtosecond laser ablation

Here, we present movies of early stage plasma evolution during femtosecond laser ablation
captured by STAMP. We focused on the picosecond timescale, where the physical dynamics
in laser ablation of a transparent material transits from carrier excitation and thermalization
to structural events (see Figure 1).

3.1. Experimental setup of ultrashort laser ablation and STAMP with spectral shaper

As shown in Figure 4, the surface of a glass plate was ablated by a focused femtosecond laser
pulse and its resultant dynamics was observed with STAMP in transmission mode with a time
resolution of a picosecond order. The ablation conditions and the detailed setup of imaging
system are described below.
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Femtosecond laser pulse
Pulse duration: 70 fs
Laser energy: 100 pJ

Lens
f=19

Shadowgraph
imaging

Glass

Figure 4. Experimental setup for performing and visualizing a breakdown on a glass surface in femtosecond laser
ablation.

For an ultrafast laser source, we used Ti:Sapphire laser with a chirped pulse amplifier (CPA)
system. The center wavelength, pulse duration, and repetition rate were 810 nm, 70 fs, and
1 kHz, respectively. The repetition rate was decreased with optical chopper as the rate of
36 Hz, and then a single pulse was generated by a mechanical shutter. This pulse was split
into an excitation pulse of laser ablation and a STAMP pulse for capturing sequential images.
The time difference between these two pulses was adjusted with an optical delay line. The
excitation pulse with the energy of 100 uJ was focused by a lens (f = 19 mm) on the side sur-
face of the ultrathin glass (t = 50 pm) placed in air. The power density of the laser pulse was
approximately 3 x 10 W/cm? at the focal point.

We developed a STAMP system that enables ultrafast motion picture photography with six
frames. The developed system was composed of a femtosecond laser source which is also
used for ablating materials, temporal mapping device consisting of a pulse stretcher and pulse
shaper, spatial mapping device which performs spectral imaging, cooled CCD camera, and
computer (Figure 5). In the pulse stretcher, the picosecond chirped pulse was produced from
a femtosecond pulse through a grating pair for monitoring dynamic events in picosecond
regime. The pulse shaper, based on the 4f optical configuration [14], was used as an amplitude
modulator to tailor the intensity of each daughter pulse. For visualizing laser ablation dynam-
ics, shadowgraph technique was employed. The STAMP’s daughter pulses coming from the
temporal mapping device illuminated the ablation area. The phenomena were imaged with
an objective (10x, NA =0.25). Here, the effects of chromatic aberration and wavelength depen-
dence can be negligible because the difference of wavelength in each daughter pulse is around
3 nm. And then, the daughter pulses are separated by a spectral shaper [15]. The spectral
shaper we developed is one of the snapshot multispectral imaging methods which perform
image separation with passive optical elements [16]. In the spectral shaper, a periscope array
is placed at the Fourier plane in the 4f configuration of the spectral shaper (Figure 6). The
daughter pulses are diffracted by the first diffraction optics and then are focused onto the
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Figure 5. The schematic of STAMP utilizing the spectral shaper. CL: cylindrical lens, DG: diffraction grating, L: lens,
M: mirror, PA: periscope array, PBS: polarizing beam splitter, SLM: spatial light modulator, A/2: half wave plate.

periscope array. Each different spectral component reflects back, but comes out at a different
height. Then, the daughter pulses are recombined at the second diffraction grating, but exit at
different heights, keeping the spatial profile in each spectral component intact. Here, we used
the periscope array having six periscopes. These daughter pulses were detected on the differ-
ent position of the high-sensitive image sensor (2048 x 2048 pixels). Finally, detected images
were arranged in order corresponding to the arrival time at the target.

The time difference of arrival (corresponding to the frame interval) and pulse duration (cor-
responding to the exposure time) of each daughter pulse was measured by the technique of
cross correlation based on sum frequency generation. The optical setup is shown in Figure 7.
Periscope arra
PeAMY " Difraction
grating

Figure 6. Configuration of the spectral shaper.
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Here, each daughter pulse was produced by the pulse shaper and characterized one by one.
Figure 8 shows the temporal profile. The averaged frame interval and exposure time in this
STAMP setup were 15.3 and 13.8 ps, respectively.

Figure 9 shows the microscopic images of a micrometer. The field of view and pixel resolution

were 148 x 122 um?* and 680 x 560 pixels, respectively.

3.2. Plasma generation and expansion around glass surface

Figure 10 shows STAMP’s motion picture of the generation and expansion of plume. Frames
1-3 indicate the generation of a flat plume, whereas frames 4-6 indicate its propagation in the
upper direction. In frames 2-6, the process of carrier-phonon scattering is indicated by the

Temporal
Laser source STAMP  mapping device L BBO
Ise
Py DM
Reference ]l >L
pulse
Delay line < =L

Y
FD

Figure 7. Schematic of the optical setup for characterizing the STAMP pulses. DM: dichroic mirror, L: lens, PD: photodiode.

=
W

Intensity (arb. unit)

Time (ps)

Figure 8. Temporal profile of STAMP pulses. An average frame interval and an exposure time are 15.3 and 13.8 ps,
respectively [5].



Sequentially Timed All-Optical Mapping Photography for Real-Time Monitoring of Laser...
http://dx.doi.org/10.5772/intechopen.71524

814-817 nm E&11-814 nm 808-811 nm B805-808 nm 802-805 nm 799-802 nm

Figure 9. Image of test target. The images were captured and processed with the resolution of 680 x 560 pixels. The scale
bar shows 50 pum [5].

dark region (white arrow in Figure 10) that corresponds to the high density of electrons in
the plasma state caused by the material’s absorption of light. This observation agrees well
with previous reports [17].

The detailed analysis shows a slight asymmetry in the plume’s wavefront profile (Figure 11).
This is due to the fact that the ablation pulse’s angle of incidence was not exactly perpendicu-
lar to the air-glass interface. The error bars in Figure 11 are due to the ambiguity in image
contrast. From the movie, the propagation speed of the plume’s wavefront is found to be
~100 km/s (90°), which agrees with previously reported values [18, 19].

Figures 12 and 13 are the motion pictures of the dynamic events in femtosecond laser abla-
tion. Although the experiment parameters such as laser intensity, beam profile, and material
were not changed, the difference in evolution of a plasma plume was observed. A fluctuation

Plasma plume expansion (frame interval: 15.3 ps, exposure time; 13.8 ps)

0 ps 15.5 p= 31.0 ps 46.5 ps

Figure 10. Motion picture of plasma generation and expansion in femtosecond laser ablation [5].
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Figure 11. Analysis of evolution of the plume wavefront [5].
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(@)
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Figure 12. Motion picture of laser ablation (a) and its binarized image (b).

of the laser pulse and non-uniformity of the surface roughness of the glass often decrease the
reproducible of laser ablation. STAMP is an effective tool to study a series of transitions in
such difficult-to-reproduce phenomena.

We also observed shockwave emission caused as a subsequent event of plasma generation.
The shock front is clearly visualized in each frame. The shock speed is quite slow comparing
to the frame interval of this experimental setup and hence the difference between each image
is not large (Figure 14).

(@)

46.5 ps 61.5 ps

Figure 13. Motion picture (a) and binarized image (b) of laser ablation induced under the same conditions as those in
the experiment of Figure 12.
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Figure 14. Motion picture of shockwave emission after breakdown.

4. Real-time monitoring of plasma filament generated by femtosecond
laser inside a glass

In STAMP, the temporal resolution can be increased to the femtosecond timescale by tuning
the pulse stretcher. For observing a detailed process in filamentation induced by intense fem-
tosecond laser, the number of frame was also increased. Here, we present movies of plasma
filament generated inside a glass acquired by an improved STAMP system, called SF-STAMP
(STAMP utilizing spectral filtering) [20-22].

4.1. Experimental setup of filamentation and STAMP with spectral filtering

Figure 15 shows the schematic of experimental setup. A single pulse was produced from the
Ti: Sapphire laser system as the same way described in Section 3.1. The center wavelength,
pulse duration, and energy of excitation pulse were 800 nm, 50 fs, and 30 pJ, respectively. The
femtosecond pulse was split into a STAMP pulse and an excitation pulse, and the excitation
pulse was focused inside the glass with a lens (f = 8 mm).

For capturing the filamentation with 25 frames and higher temporal resolution, we improved
our STAMP system by utilizing spectral broadening with an Ar-gas filled hollow core fiber
and spectral filtering with a combination of a diffractive optical element (DOE) and band-pass
filter (BPF). As shown in Figure 16, the STAMP pulse was focused into the Ar-gas filled hollow

Glass

Lens
f=8

Shaduwgraph
Femtosecond laser pulse imaging

Pulse duration: 50 fs _f
Laser energy: 30 pJ

Figure 15. Experimental setup for monitoring filamentation generated by femtosecond laser.
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Figure 16. Temporal mapping device with an Ar-gas filled hollow core fiber for spectral broadening and with glass rods
for recording with high temporal resolution.

core fiber (the length and core diameter are 400 mm and 126 um, respectively) to produce a
broadband pulse in the process of self-phase modulation. We used spectral components from
785 to 825 nm (bandwidth of 40 nm) in the broadband pulse which had nearly the uniform
intensity in this spectral range. For monitoring the filamentation with higher temporal resolu-
tion, the pulse was stretched with glass rods. With the dispersion parameter and length of the
glass roads, the time window and frame interval are calculated to be 5.6 ps and 230 fs, respec-
tively. STAMP utilizing spectral filtering (SF-STAMP) has another type of the spatial map-
ping device which is based on the scheme of “spatially and temporally resolved intensity and
phase evaluation device: full information from a single hologram (STRIPED FISH)” [23, 24].
The optical setup of the spatial mapping device in SE-STAMP was composed of a DOE, a BPF
(a center wavelength of 830 nm and a bandwidth of 2.2 nm), and two lenses (f, = f, = 50 mm)
arranged in the 4f configuration as shown in Figure 17. Since the bandwidth of the STAMP
pulse was sufficiently broadened, the number of frames in this STAMP setup was determined
to be 25 frames by the diffraction property of the DOE which produces 25 array beams from
a single beam. While the target profile was transferred on an image sensor by the two lenses,
the image-encoded chirped pulse was split into 25 pulses by the DOE place at the Fourier
plane. And then these diffracted pulses were resolved by the tilted BPF depending on their

@ !

Image
sensor
P N S L
Object plane Fourier plane Image plane

Figure 17. Spectral filtering. BPF: band-pass filter, DOE: diffractive optical element.
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incident angles without losing the image information. As a result, the time-varying target pro-
files were mapped on the different position of the image sensor. Although the much energy of
an illumination pulse is needed at the target in SE-STAMP comparing to STAMP utilizing the
spectral shaper, the spatial mapping device of SF-STAMP becomes compact and easy to use.

The dynamic phenomena were visualized with shadowgraph technique. Figure 18 shows the
image(s) of a resolution test chart detected by the SE-STAMP with a cooled CCD camera (4872
x 3248 pixels). The image of the left end is frame 1 of a motion picture, and the image of the
right end is frame 25 projected by the spectral component which arrived at the target 5.6 ps
after the arrival of the first spectral component. These frames were clipped as movie frames
with the pixel resolution of 740 x480 pixels.

4.2. Femto-to-picosecond dynamics of plasma filaments inside a glass

Figure 19 is the 25-frame movie showing the change of the refractive index inside the glass
induced by the focusing of femtosecond laser. In frame 5, a dielectric breakdown appears at
the center of the image. In frames 7-9, the change of intensity gradually increases. From frame
11, this dark region grows to the shape of a filament. In frame 25, the dark spot that corre-
sponds to the high electron density in plasma state and also filamentation around the spot are
clearly observed. This phenomenon occurring in the femtosecond-to-picosecond timescale
has previously only been observed by pump-probe imaging in which a sample is replaced in
every measurement. This demonstration highlights the utility of STAMP’s single-shot movie-
shooting capability.

Figure 18. Image of a resolution chart.
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Figure 19. Motion picture of plasma filaments [20].

5. Conclusion

In this chapter, we introduced the motion picture camera called STAMP and presented motion
pictures of femtosecond laser ablation. STAMP performs single-shot image acquisition with-
out the need for repetitive measurements and without sacrificing high temporal resolution
and image quality. The principle of this imaging method is based on the all-optical mapping
of time-varying spatial profiles of target. We introduced two examples of the STAMP configu-
rations: STAMP utilizing the spectral shaper and utilizing the spectral filtering and spectral
broadening. The recording parameter such as the time window, the temporal resolution, and
the number of frames can be tuned by changing the configuration of STAMP components,
especially a temporal mapping device and a spatial mapping device.

By using STAMP, we obtained sequential images of sub-nanosecond dynamic events under
the process of femtosecond laser ablation. Laser breakdown induced by intense femtosecond
laser pulse was monitored with a frame interval of 15.3 ps and a total of six frames. The movie
clearly shows the plasma generation and expansion on glass surface. Plasma filamentation
generated inside a glass was also visualized with a frame interval of 230 fs and total of 25
frames. As demonstrated in this chapter, STAMP is a useful tool to understand precise pro-
cesses of complex dynamics in ultrashort laser ablation.
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Abstract

The market for thin films of complex oxides obtained by different deposition techniques
is increasing exponentially in last decades due to large variety of possible application
such as high-efficient solar cell, optoelectronic devices, etc. pulsed laser deposition
(PLD) is a versatile growth technique and recently became more attractive for industrial
applications due to the possibility to obtain crystalline thin films on a large area. Laser
processing techniques were successfully used to obtain thin films with good optical
properties starting from simple oxides, such as Sm,Os, ZrO,, etc., to more complex
lead-free materials: Sr,Ba;_,Nb>Og (SBN) and Nay/,Bi;,,TiO3_x%BaTiOs, or supercon-
ductive oxide YBay,CuzO;_5. When oxide thin films are designated for electronic and
optoelectronic devices or for solar cells, the optical properties and the thickness must be
well known. For this purpose, the spectroscopic ellipsometry technique was developed.
Ellipsometry is a powerful technique to determine the optical properties of thin films
especially when the thicknesses of thin films are in a nanometer range.

Keywords: spectroscopic ellipsometry, pulsed laser deposition, thin films, complex
oxides, magnetic alloy, high temperature superconductor

1. Introduction

A thin film is a layer of material, which can be created by various processes, one of the most
common being the condensation of particles (atoms, molecules, ions, aggregates) on a sub-
strate. The thickness of the layer can vary between few angstroms (monolayer) and several
micrometers. The market for thin films obtained by different deposition techniques had an
exponential increase in the last decades due to the large variety of possible applications, such
as hard coatings, semiconductor devices, optical coatings, energy generation and storage,
memory devices, sensors, actuators, etc.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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Thin film deposition techniques are divided in two major categories: chemical vapor deposi-
tion (CVD) and physical vapor deposition (PVD) [1, 2]. Pulsed laser deposition (PLD), devel-
oped by Maiman, Smith, and Turner, in the 1960s, is a PVD technique based on laser-material
interaction [3-5]. It is a versatile technique and recently became more attractive for industrial
applications due to the possibility to obtain crystalline thin films on large areas. Laser
processing techniques were successfully used to obtain thin films from all kind of materials,
starting from alloys (NdFeB), simple oxides (Sm,O;, ZrO,, etc.), to more complex materials:
high temperature superconductors (YBa,CuzOy7_5), ferroelectric SryBa;_,Nb,Og with tungsten
bronze structure or solid solution of Naj ,Bi; ,TiO3_Xx%BaTiO;, etc.

The basic setup for pulsed laser deposition is relatively simple, but the physical phenomena of
laser-matter interaction and film growth are very complex [5]. Because thin films have a large
surface area to bulk volume ratio, their physical and chemical properties can be different from
the bulk materials [6]. The substrate properties and the deposition parameters during the
grown process can drastically influence the properties of thin films. By carefully choosing
these parameters, thin films with enhanced physical properties can be obtained.

The properties of thin films can be investigated by various analysis techniques. X-ray diffrac-
tion (XRD) and transmission electron microscopy (TEM) are used for structural investigation,
scanning electron microscopy (SEM) and atomic force microscopy (AFM) for morphological
analysis, secondary ion mass spectroscopy (SIMS) for compositional analysis, etc. Electrical
and optical properties are also very important when thin films are designated to be used in
electronic, opto-electronic, or optical applications. For optical investigation, ellipsometry is a
very precise and fast method, especially when the thickness of the thin films ranges from
subnanometers to hundreds of nanometers.

In Section 2, a short overview of the principles and analysis procedures of ellipsometry are
presented. In Section 3, a review of the optical investigation of thin films obtained by PLD is
presented. Finally, conclusions are given in Section 4.

2. Ellipsometry

The history of ellipsometry is difficult to trace precisely. It can be said that it starts with the “wave
theory of light” of Robert Hooke followed by the contribution of many scientists: Christian
Huygens, Augustin-Jean Fresnel, Michael Faraday, James Clerk Maxwell, etc. In 1902, Paul
Drude published the “Polarization” chapter in the book “The Theory of Optics,” which still
serves as a modern introduction to the study of polarized light and ellipsometry [7]. Ellipsometry
developed slowly for long time after the Drude ellipsometer, using a single wavelength in the
1960s. After 1970, due to the necessity of faster measurements for thin films used in computers or
the semiconductor industry, the ellipsometry techniques developed rapidly [8, 9]. Nowadays,
there are many types of ellipsometers, such as null, photometric, spectroscopic, etc.

Ellipsometry is a tool that gives information about the optical properties and microstructural
parameters of materials, such as layer thicknesses, porosity, and crystalline state. Ellipsometry
is a nondestructive, fast, sensitive, and accurate technique used to determine the optical
constants of a large range of materials: metals, glasses, complex oxide structures, polymers,
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organic materials, etc. It can be used for ex-situ or in-situ analysis, both for inorganic and
organic materials. However, a major disadvantage of this technique is that it is an indirect
analysis, and an accurate optical model is required for data analysis.

2.1. Principle and analysis procedure of ellipsometry

In the past decades, many books and scientific papers regarding the principle, data analysis
procedure, and applications of ellipsometry were published [8, 10-13]. In this section, we
present a brief overview of the ellipsometry principles and data acquisition and analysis
procedure.

In ellipsometry, the change of the polarization state of linearly polarized light is measured
upon reflection at the surface of a sample. The polarization states after reflection depend on
properties of the investigated surface and, in case of multilayer thin film system, on the
properties of each layer. Two experimental parameters, { and A, called ellipsometric angles,
are usually measured (Figure 1).

Here, { is the relative amplitude and A is the phase difference for p- and s-polarized lights, and
the quantities { and A are described by the fundamental equation of ellipsometry (Eq. (1)),

R i Er Ei
p— 2 = tan (v - (222, )

where R, and R; are the Fresnel reflection coefficients; E,,, E;, E,,, and E,, represent the p- and
s-components of the incident and reflected light waves. The p- and s-polarization terms
represent the parallel (p) and the perpendicular (s) components of electric field, related to the

incidence plane.

In case of thin films, the incident light is reflected on the thin film surface and penetrates into
the film and into the substrate. An obtained ellipsometric data include information about the

Figure 1. Scheme showing the basic principle of ellipsometry: linearly polarized light with p- and s-components at
oblique incidence is reflected and it becomes elliptically polarized. Relative attenuation of s- and p-polarized lights
etermines the tilt of the ellipse and the relative phase shift is related to ellipticity [12].
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investigated materials. For a thin film deposited on a substrate, o0 = F(ng, n;, ny, 0, d) where ny,
ny, and n, are the complex refractive indices of the ambient, the thin film, and the substrate, 0
is the angle of incidence of the light beam, and d is the thickness of the thin layer (Figure 2).

The complex refractive index is composed by a real part “n” and by an imaginary part “k” The
imaginary part is called the extinction coefficient and is directly related to absorption of the
light in the material. The absorption coefficient is given by a = 47tk/A, where A is the free-space
wavelength of light. The complex dielectric function € = ¢; — ie; and the complex index of
refraction N are related to each other through the relation derived from Maxwell’s equations
[11, 12]: & = N2 The real and imaginary parts are: &; =n* — k* and &, = 2nk. Since ellipsometry
measures changes in the polarization state, this makes it a highly accurate and reproducible
technique. W and A can be determined experimentally with high precision, but the extraction
of information (optical constants and thickness) requires, for calculation, an accurate optical
model.

In case of thin film system, the purpose of ellipsometry measurement is to determine the
optical properties of the materials from the measured W and A parameters. The refractive
index, extinction coefficient, and thickness of each layer can be determined. Figure 3 shows
the process of ellipsometry analysis procedure.

The standard procedure of analysis includes the following steps.

Figure 2. The optical model for thin film system.
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Figure 3. Process of ellipsometry data fitting and model analysis.
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2.1.1. The experimental measurement

In this step, the routine of experimental data point acquisition is established. The set-up
parameters include the wavelength, the number of experimental data points, and the angle of
incidence. For spectroscopic ellipsometry, measurements are done in a large wavelength spec-
trum, ranging from deep ultraviolet (UV) to near infrared (IR) (i.e., 250-1700 nm).

2.1.2. The optical model

A suitable optical model is required for ellipsometric analysis. In case of thin films, the optical
model is composed by a stack of several kinds of material layers with different thicknesses. The
properties of material layers are described by a specific complex dielectric function. Usually, at
this point, the dielectric function of the substrate is known. If not, a separate analysis is
required for bulk substrate. In the optical model, some of the parameters are unknown, such
as the thickness or the values of optical constants. For optical characterization of thin films, it is
necessary to select a suitable dispersion model. Examples of dispersion models are Cauchy
dispersion with Urbach tail, Sellimeier model, effective medium approximation (EMA), Drude
model or Lorentz model, etc. In order to find what dispersion model should be selected for a
thin film depends on the types of materials.

2.1.3. Comparison of model and experimental data

Using the optical model, the values of theoretical W and A are generated and compared with
the experimental data. If the graphs of both data match, the optical model can be considered
correct. The following function is usually employed for the comparison (Eq. (2)):

2 2
1 L (et - Amod — AP
MSE = 1 — ] + (-~ 1 , 2
N ( o5 o @

where N is the number of (¥, A) pairs, M is the number of variable parameters in the model,
and ¢ is the standard deviations on the experimental data points.

The MSE, as shown in the equation, represents a sum of the squares of differences between the
measured and calculated data, with each difference weighted by the standard deviation of that
measured data point. The unknown parameters in the optical model are varied in order to
produce a good fit. The best fit will lead to minimum of the MSE value. In case of “bad” match
of theoretical and experimental data, or high value of MSE, the optical model will be adjusted
until the minimum value of MSE is reached. After obtaining the best fit and the minimum of
MSE value, the values of the optical constants can be generated. The dispersion of optical
constants needs to be physically reasonable regarding the analyzed thin film materials.

As mentioned before, for optical characterization of thin films, it is necessary to select a
suitable dispersion model, and this model depends on the analyzed material. The values of
the refractive index, the extinction coefficients, and the thickness of the thin film are considered
as unknown parameters. Also, the optical model will usually include a distinct top layer, which
accounts for the roughness of the thin film.
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In many cases, the analyzed materials are UV-absorbing, such as semiconductors, metal
oxides, or ferroelectric or multiferroic materials. For these materials, a common routine for
ellipsometric analysis can be given. When the film is transparent over a portion of mea-
sured spectral range, it is possible to determine the thickness of the film with high accuracy
using a Cauchy or Sellmeier dispersion model. In the next step, the thickness and Cauchy
parameters values will be kept fixed, and the experimental data will be fitted point by point
across the entire measured spectral range. In this way, a set of optical constants is obtained.
The final values of optical constants (or dielectric function) will be obtained by replacing the
Cauchy model with a sum of oscillators. Fitting again the experimental data, the parameters
of the oscillators will be determined. For example, in case of Lorentz or Gauss oscillators,
the parameters are as follows: the oscillation amplitude, the broadening, and the position of
oscillation. After the oscillator parameters are known, the thickness will be fitted again for
final adjustment. Ellipsometry is quite sensitive to the surface structure and is necessary to
incorporate a rough top layer in the optical model in the data analysis.

Once the unknown parameters of thin film are determined, the value of thickness and dielec-
tric function of the rough top layer will be calculated. It is rather difficult to estimate the
complex refractive index of the roughness layer. The rough top layer is composed by a mix of
thin film materials and air or voids.

If we apply the effective medium approximation (EMA), the complex refractive indices of
surface roughness layer can be calculated [14]. In case of thin films, a percent of 50:50 (voids:
material) in Bruggeman effective medium approximation (BEMA) is a good approximation for
the composition of the rough top layer. The Bruggeman effective medium approximation
(BEMA) is expressed by the following equation (Eq. (3)):

Ea— ¢ ép—¢&

_o, 3
e TRy ©)
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where f, and fp are the volume ratios of media A and B, and ¢4 and ¢p are the complex
dielectric functions of media A and B.

In the next section, we will present some examples of ellipsometric analysis on thin films
obtained by pulsed laser techniques, starting from simple oxide materials, magnetic, to more
complex ferroelectric thin films, evidencing in this way the capability of this technique.

3. Results and discussion

3.1. Experimental set-up
3.1.1. Pulsed laser deposition (PLD)

The experimental set-up for PLD experiment is based on two main equipments: a laser system
and a vacuum chamber. The used laser systems were a Nd:YAG laser and a ArF excimer laser.
The targets and collector substrate are mounted in the chamber in a vertical position, at
variable distance. The angle of incidence of the laser beam was set at 45°. The substrates were
fixed on a heating system. During deposition, the targets were rotated and the laser beam was
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translated on surface of the targets. The film deposition was performed in a dynamic ambient
background gas (O,, Ny, etc.) and the flow rates of gases were precisely controlled through a
MKS mass flow controller. All substrates used in the experiments were commercial substrates
and before the experiments were cleaned in an ultrasonic bath using acetone or methanol as
cleaning agents, then dried under pressurized nitrogen gas.

3.1.2. Spectroscopic ellipsometry

Optical measurements were performed with a Woollam variable angle spectroscopic ellip-
someter (VASE) system, equipped with a high pressure Xe discharge lamp incorporated in an
HS-190 monochromator. The ellispometry measurements and analysis were done using the
VASE32 software. Usually, the experimental data of W and A were acquired in the 250-1700 nm
range of wavelengths, with a step of 2 nm. The angle of incidence of the light beam was set in
function of the analyzed materials, from 60 to 75° with a step of 5°.

3.1.3. Samarium oxide

Samarium oxide (Sm,03) is a lanthanide oxide with a monoclinic structure. Sm,03 is used as a
neutron absorber in control rods for nuclear power reactors and in optical and infrared
absorbing glass to absorb infrared radiation or as a gate dielectric in metal-oxide-semiconduc-
tor (MOS) devices [15, 16].

The target used in PLD experiments was prepared by pressing the Sm,O3; powder of 99.9%
purity. For ellipsometry measurements, the substrate used was silicon. A laser beam from a
pulsed Nd:YAG laser system (266 nm wavelength) was focused on the Sm,0Oj; target, with a
laser spot of 0.8 mm? with 10 Hz repetition rate. The substrates were kept at room temperature
during the depositions. The deposition was performed under the oxygen pressure range
between 0.02 and 0.6 mbar.

Spectroscopic ellipsometry measurements were performed in the UV-visible and near-IR
region of the spectrum (250-1350 nm), a step of 10 nm, at 60 and 65° angles of incidence. The
optical model consists of five layers: the silicon substrate, the Si-5i0, interface, the native SiO,
layer, the Sm,Os layer, and a rough top layer. The rough top layer is set to be half air and half
Sm,0;. The refractive indices for the substrate and the native oxide are from Herzinger et al.
[17]. For optical constants of Sm,0;, we used the Cauchy dispersion model for transparent
zone of wavelength, with Urbach tail for low absorbing region (below 400 nm). The Cauchy-
Urbach model is given by the following equations (Egs. (4) and (5)):

@)

and

k= Ay B EE), ()

where A, B,,, C,,, Ay, and B are constants and E is energy in eV (E = 1240/A; E}, = 1240/A;).
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Fitting the experimental data with Cauchy-Urbach dispersion model and assuming that the top
layer consists of 50% air (voids) and 50% Sm,O;, we have obtained the parameters listed in Table 1:

Figure 4 presents the SE spectra of a 59.8 + 0.3 nm thick Sm,O; on silicon substrate with a
roughness of 6.5 4 0.3 nm, the optical constants n=1.94 and k=6 x 107, at A =550 nm, and the
MSE = 4.55.

The surface topography was analyzed by AFM. The roughness of the thin film was found to be
in nanometer range, excluding the droplets present on the film surface [18].

The obtained Sm,Oj5 thin films are highly transparent in the 400-1350 nm wavelength range.
Below 400 nm, the film becomes optically absorbing, with a maximum extinction coefficient
k ~3 x 107% (at 250 nm). The Sm,O5 is a high refractive index material, with a value of n=2.09
at a wavelength of 589.3 nm and has a monoclinic crystalline phase. This value is with 0.1
larger than our value. The amorphous materials have a smaller refractive index than the
crystalline material [11, 12], and our smaller value indicates an amorphous phase of Sm,0O3 in
the thin film, which is consistent with the XRD measurements [18].

As a short conclusion of this case: using a simple model such as Cauchy dispersion with Urbach
tail, it is possible to obtain valuable information regarding the dispersion of optical constants,
thickness, and the crystalline phase of the film. However, the Cauchy dispersion model is limited
at the transparent range of wavelength, and the Urbach tail is limited at low absorption zone. To
sum up: a correct value of optical band gap E, cannot be given using this model.

3.1.4. Zirconia

Zirconia (ZrO,) (zirconium dioxide) is a dielectric material with a dielectric constant of about
20 (in the low frequency domain). Because of its low leakage current level and high thermal

Sample  Thickness (nm) Roughness (nm) An Bn Ak Bk MSE

Smy05/Si 59.8 £0.22 6.5 £0.36 1.932 +£0.002 0.016 £0.003 0.002 £0.001 1.343+0.28 4.555

Table 1. The Cauchy-Urbach fit parameters for Sm,Oj thin film.
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Figure 4. SE spectra on a Sm,O; film: (left) the open symbols represent experimental data, whereas the solid line (W) and
dashed line (A) are obtained from a fitting procedure using a five-layer model and (right) the refractive index (solid line)
and the extinction coefficient (dashed line) for the Sm,Oj thin films [18].
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stability, ZrO, is another candidate used for gate dielectrics in metal-oxide-semiconductor
(MOS) [19]. Pure ZrO, exists as three polymorphs at different temperatures: monoclinic,
tetragonal, and cubic.

A ceramic target of ZrO, was ablated with an ArF laser beam (A = 193 nm) at a repetition rate
of 40 Hz. The laser fluences were varied in the range of 2.0-3.4 J/cm 2. The silicon (Si) substrate
was kept at a distance of 4 cm from the target. The substrate temperature was between room
temperature and 600°C, in the presence of reactive oxygen at a pressure of 0.1 mbar. The
reactive oxygen was introduced in the deposition chamber by an additional RF discharge at a
power of 100 W.

Ellipsometric measurements were carried out in the spectral range of 250-1700 nm, in steps of
2 nm, and incident angles of 60, 65, and 70°. The optical model comprises the silicon substrate,
a layer of native oxide of silicon (3 nm), the ZrO, thin film, and a roughness layer, approxi-
mated by 50% voids and 50% ZrO,. For the substrate, we used the dielectric function from
literature [17].

The calculation of the complex refractive index and the thickness of the thin film and the rough
layer required a two-step fitting procedure. In the first step, a simple Cauchy dispersion model
was used in the 500-1700 nm range of wavelength, where the ZrO, is transparent [20]. The
values of thickness and Cauchy parameters are listed in Table 2 [21].

In order to fit the entire measured spectra and to calculate the extinction coefficients, the values
of thickness were kept fixed and the Cauchy dispersion model was replaced by a single
Gaussian oscillator. The imaginary part of the dielectric function for Gauss oscillator is given
by the following equations (Egs. (6) and (7)):

7(575,,)2 7(E+EV,)2
o o

g = A° A )

and

Br,

2,/In(2)’

where A is the amplitude of the curve’s peak, En refers to the centering energy or energy at the
curve’s peak, Br is the broadening, and o is the standard deviation of the curve [12]. The fitted
result parameters are listed in Table 3.

@)

o=

Values of MSE obtained in the second step of fitting increase slightly from 5.94 for Cauchy fit
for the thin film grown at 300°C to 9.67 for Gauss fit, but the difference is still small enough to

Sample/temperature (°C)  Thickness (nm)  Roughness (nm) An Bn MSE
ZrO,/Si (RT) 64.177 £+ 0.0391 0.904 + 0.06 1.9882 £+ 0.000591  0.014203 £ 0.000156  1.908
ZrO,/Si (300°C) 190.812 £+ 0.0537  1.403 £ 0.0481 2.1417 +£0.000256  0.018515 4 0.000153  5.944
ZrO,/Si (600°C) 154.380 &+ 0.0384  2.047 £ 0.0429 2.1535 +0.000211  0.01856 + 0.000192 4.815

Table 2. The Cauchy fit parameters for ZrO, thin film.
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be taken into consideration. This difference can arise from small discrepancy between the
model and the experimental curve in the UV region caused by small defects on the surface,

such as droplets or pores.
In Figure 5, we can observe that the higher values of refractive index were obtained for a
substrate temperature of T = 600°C and also for the highest value of extinction coefficients. At
room temperature, the smaller value of “n” indicates an amorphous phase, and this is in
agreement with XRD results [21]. The best optical constants in terms of high “n” and lower
“k” were obtained at 300°C. From Table 2, the values of thickness of ZrO, thin films grown by
PLD in the presence of RF discharge were found to be 64 nm for room temperature, 190 nm for
300°C, and 154 nm for 600°C. At this point, we can conclude that the best temperature for
growing transparent ZrO, thin films is 300°C. The XRD results indicate the presence of two
crystalline phases, tetragonal and monoclinic, for ZrO, thin film in case of 600°C substrate
temperature [21]. Coexistence of these two phases indicates a polycrystalline grown mode and

explains the higher value of extinction coefficient (for 600°C).

As a short conclusion of this case, using a simple Gauss model, it is possible to determine the
behavior of complex refractive index in function of PLD deposition parameters.

3.1.5. NdFeB
NdFeB is a permanent magnet based on rare earth components and has been widely investi-
gated for its applications in micromagnetic, magneto-electronic, or magnetic recording media.

Sample/temperature (°C) Amp En (eV) Br (eV) MSE
ZrO,/Si (RT) 19.849 £ 5.15 8.9932 + 0.137 1.9394 + 0.525 4.533
Zr0,/Si (300°C) 20.196 & 1.41 8.841 + 0.0585 2.2913 £0.171 9.675

2.9503 £ 0.0698 9.783

16.331 £ 0.338 9.1236 + 0.0346

Z10,/Si (600°C)

Table 3. The Gauss fit parameters for ZrO, thin film.
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Figure 5. (Left) Experimental and Gauss-modeled curves for the parameters psi (W) and delta (A) for an ZrO,/Si(100) thin
film deposited at 6000°C by RF-plasma-assisted PLD and (right) the dispersion of optical constants for ZrO, thin films

grown at different substrate temperatures.
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NdFeB thin films were deposited by various methods, e.g., magnetron sputtering, molecular
beam epitaxy (MBE), and PLD [22-25].

In our experiments, the NdFeB thin films were obtained by PLD method [26] starting from an
alloy target. A Nd:YAG laser (266 nm) was used to irradiate the targets with 20,000-40,000
pulses. The substrates were platinized silicon (Pt/Si). The samples were heated to 650°C, and
the temperature was kept constant during the thin film growth.

Spectroscopic ellipsometry measurements were performed between 350 and 1700 nm spectral
ranges, with a step of 2 nm at a fixed angle of incidence (75°). The initial optical model used to
determine the complex refractive index consisted of a stack of five layers: the silicon substrate,
the titanium layer (25 nm), the platinum layer (150 nm), the NdFeB layer, and the rough top
layer. Because the platinum layer is thick enough, we considered this layer as a substrate and
the optical model was reduced to three layers: Pt, NdFeB, and the rough layer. The values for
the optical constants of NdFeB thin films were fitted using different procedures. The Cauchy-
Urbach dispersion model used in case of Sm,O3 did not fit the NdFeB due to their limitation
[11, 12]. The best fit was obtained with a Lorentz oscillator having the complex dielectric
function (Eq. (8)) written as:

AnBrnEn

) 8
E2 — E* — iBr,E ®

En—Lorentz =

where A, is an oscillation amplitude (dimensionless), Br is broadening (expressed in eV), and
E, is the position of oscillation (eV). The total dielectric function is given by (Eq. (9)):

E=¢&1+ i€2 = @ioffset T En—Lorentzs (9)

where €7 ofsset is a purely real constant, equivalent to €. [12].

The Lorentz parameters and the thickness resulted from fitting experimental data with the
proposed optical mode are presented in Table 4.

The thickness of a thin film deposited at 40,000 pulses, 266 nm laser wavelength, and 2 ]/cm2
laser fluency was found to be 93 nm with a roughness of 10 nm. For optical constants, a
refractive index with a value of n = 2.43 was found for A = 600 nm with a maximum of 2.46 at
360 nm. The extinction coefficient “k” is nonzero on the entire measured range of wavelength
thin film that has high optical absorption [26].

The value of MSE is 31, and from Figure 6, it is easy to observe a mismatch between the
experimental and the model data in UV-visible range. This mismatch indicates an improve-
ment needed in the optical model. Even with this discrepancy, we have demonstrated that
with a correct dispersion model (Lorentz in this case), it is possible to determine the complex
optical constants for this magnetic thin film.

Thickness (nm)  Roughness (nm)  E, (eV) B, (eV) A, eloftset MSE

93.609 + 0.307 10.353 +0.221 5.7013 £ 0.208 42273 £0.217 3.1234 + 0.169 3.3783 £ 0.13 31.3

Table 4. Spectroscopic ellipsometry fitted data for an NdFeB thin film.
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Figure 6. Experimental and model spectra for A (left) and W (center) and refractive indices (n), and extinction coefficients
(inset graph), for a thin film sample deposited at 266 nm laser wavelength [24].

3.1.6. Yttrium barium copper oxide (YBa,Cu30;_s)

YBa,CuzO7_5 (YBCO) is the famous high-temperature superconductive material, and it was
extensively studied due to its superconducting properties. For appropriate oxygen content in
the films, the maximum critical temperature T, can reach a value of 92 K. The application of
YBCO thin films varies from electronic industry (microwave filters), military to medical
devices (magnetic resonance imaging, Josephson junctions), or in sensor industry as highly
sensitive magnetic field sensors (SQUIDs) [27, 28] and IR radiation sensors (bolometer). The
superconducting properties of YBa,CuzO;_5 thin films are highly sensitive to the oxygen
content. When 0 varies between 0 <6 <1, two symmetry phases can be observed, the tetragonal
phase and the orthorhombic phase. For & = 1, YBCO became an insulator, and for d = 0.1, this
compound is a superconductor [29]. The epitaxial YBay,Cuz;O;_; thin films have been obtained
by PLD at high deposition temperature, usually around 780°C. For achieving the highest
quality, the YBa,Cu30;_; thin films need a postdeposition thermal treatment in oxygen atmo-
sphere [30].

The deposition of YBCO thin films by pulsed laser deposition technique has been done by
ablating a commercial YBCO ceramic target with an ArF excimer laser (A =193 nm) working at
5 Hz repetition rate. The thin films of YBCO was deposited on SrTiO; (001) single-crystal
substrates [31]. Two sets of YBCO thin films have been deposited: first set was obtained by
conventional PLD method and the second one by a hybrid technique where the PLD process is
assisted by a radiofrequency-generated oxygen plasma plume (RF-PLD). For the first set of
films, the following deposition parameters were used: laser fluency of 1.5 J/cm?, oxygen
pressure of 0.2 mbar, and substrate temperature of 780°C and target-substrate distance of
5 cm. The annealing treatments were done in the deposition chamber in two steps: 15 min at
650 C in 1 bar O, and 1 hour at 450 C in 1 bar of oxygen. The second set of samples was done
by RE-PLD with or without postannealing treatments. The substrates were kept during depo-
sition at 730°C, and the radiofrequency oxygen plasma beam working at 13.56 MHz and 200 W
was used. The role of gas-discharge plasma (in oxygen) was to compensate the difference in
deposition temperature.

Spectroscopic-ellipsometry measurements were performed between 300 and 1700 nm spectral
range, with a step of 2 nm at 45, 60, and 75 angles of incidence. The optical model consists of
three layers: the SrTiO; substrate, the YBCO layer, and a rough top layer considered to be
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composed by 50% air and 50% YBCO in the Bruggeman effective medium approximation [11,
12]. The bulk dielectric function for the STO substrate was taken from literature [32]. In case of
YBCO material, the dielectric function was described in detail by Kumar et al. [33] and is
written as a sum of Lorentz and Drude terms.

The experimental data of W and A for YBCO thin films were fitted with a sum of Lorentz
oscillators for UV-VIS wavelengths and a Drude oscillator for near IR. The thickness of samples
was found in the range of 120-150 nm, whereas the thickness of the top layer was 20-40 nm
with an MSE value higher than 20. The roughness was in the same range with AFM results
[31]. Because the ellipsometry is very sensitive at surface roughness, the large value of MSE can
be explained by high value of roughness. In Figure 7, the experimental data and the fit results
using the Lorentz-Drude model for the thin film of YBCO obtained by PLD at 780°C substrate
temperature are presented.

From Figure 7, it is easy to observe the difference in the optical behavior for YBCO thin film
growth in different conditions. For sample growth at 780°C, the normal optical behavior was

Sample 1. Sample 1.
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Figure 7. Comparison between the Lorentz and Drude fitting predictions and experimental measurements for YBCO thin
film deposited by PLD and the refractive indices (left down) and extinction coefficient (right down) for YBCO thin films.
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obtained [34]. In case of RF-PLD thin film growth at lower temperature (730°C) but in presence
of oxygen RF discharge (without postannealing treatments), the value of refractive index and
extinction coefficients are higher, and the optical behavior is different in the range of 250-600 nm.
From XRD results, the YBCO films have an orthorhombic symmetry (a ~ 3.840 A, b ~ 3.880 A,
and ¢ ~ 11.688 A) [31]. However, in case of RE-PLD deposition, the cell parameters were found to
be a ~ 3.865 A, b ~ 3.880 A, and ¢ ~ 11.70 A, which means that the films were incompletely
oxidized. The difference in the optical behavior can be explained by this difference in an oxidized
state of YBCO layer.

For thin films deposited in the same way but with postannealing treatments in oxygen atmo-
sphere, the dispersion of refractive index and extinction coefficients are completely different.
This behavior is not characteristic for YBCO superconductor, and most probably, the amount
of oxygen during deposition was too high.

As short conclusion of this study, the deposition parameters are very important especially
when the properties of materials can be easily modified by the amount of certain chemical
component, in our case the amount of oxygen in YBCO structure.

3.1.7. Strontium barium niobate

Strontium barium niobate (SBN) (SryBa;_Nb,Og) is a ferroelectric material with tetragonal
tungsten bronze structure without volatile chemical elements. SBN has pyroelectric activity as
well as a large linear electro-optic (EO) coefficient(s) (733 ~ 1300 p mV ') [34]. The high value of
EO coefficient makes SBN an excellent candidate for electro-optic devices.

In the PLD experiment, the target of single-crystal SBN:60 (ce inseamna 60?) was ablated by a
Surelite IT Nd:YAG laser (A = 265 nm). The repetition rate of the laser beam was set at 10 Hz.
The laser fluency was varied in the 1.5-2.8 J/em? range. The substrates, MgO(go1) and Si(ig0),
were placed at a distance of 4-5 cm from the target and were heated to the deposition
temperature (600-700°C).

Spectroscopic ellipsometry measurements were performed in the visible and near-UV region of
the spectrum, at energies between 1 and 5 eV, a step of 0.01 eV and at 65, 70, and 75 angles of
incidence, with a step of 5 . The correlation between the energy and the wavelength scale of the
spectrum is given by E = 1240/A [12]. For the thin films of SBN deposited on Si substrates, the
optical model consists of four layers: the silicon substrate, the native oxide (~3 nm), the SBN
layer, and the rough top layer. In case of MgO substrate, the optical model was reduced to
three layers: the MgO substrate, the SBN thin film, and the rough layer. In both cases, the
dielectric function of the substrates is taken from literature and the rough top layer was
approximated to consist of 50% air and 50% SBN in the Bruggeman approximation.

The film thickness and roughness were obtained by fitting the experimental data with a Cauchy
dispersion model in the 1.2-2 eV range (620-1030 nm). In this range, the film is nonabsorbing
(k ~ 0) and such dispersion is accepted. The thickness was found to be in the 150-250 nm range,
and the MSE was found to be 3.8 for SBN/MgO and 2.5 for SBN/Si [35] (Table 5).
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Samples MSE Thickness (nm) An Bn Roughness (nm)
On MgO 3.741 165.935 + 0.0418 2.0486 + 0.000727 0.027885 + 0.000728 2.215 4+ 0.0428
On Si 2.559 227.304 + 0.167 2.0418 + 0.000943 0.024381 + 0.000546 1.618 + 0.121

Table 5. The fitting parameters obtained by Cauchy fit for SBN thin films [35].

In the next step, we replaced the Cauchy layer with a Tauc-Lorentz (T-L) oscillator. The T-L
oscillator model was developed by Jellison and Modine and is used for amorphous materials
[12], having the dielectric function (Egs. (10) and (11)) written as:

e =e1 +je, = (n+jk)’ (10)
with

2
AE,C(E — E 1

& = 0 (2 g) — forE > Egande, = Ofor E<E, (11)
E-g) +opt

where A, E, and C are dispersion parameters in the following limits: Eg > E, and C < 2E,,.

For Tauc Lorentz oscillator, the real part of the dielectric function ¢; is a (the) complete
analytical solution to the Kramers-Kroning integral [12] (Figure 8 and Table 6).

For the SBN thin film deposited on MgO and Si substrates, the values of refractive index and
extinction coefficients were found to be smaller than for the crystalline target. The optical band
gap, Eg, that results from Tauc-Lorentz fit is Eg = 3.81 eV for SBN on MgO substrate and
Eg =3.74 for SBN on Si substrate. The Eg value for single crystal target is Eg = 3.85 eV. From the
XRD analysis, it results that all the samples made from the single-crystal targets are amor-
phous [35]. In this way, the smaller value of optical constants and value of band gap (Eg) can
be explained because amorphous materials have lower refractive index than the same crystal-
line ones [12].

3.1.8. Nﬂ]/zBiI/z TlO3 —x%BaTiO3

The solid solution of (Nay/,Biy;)TiOs (BNT) with BaTiO3 (BT) (BNT-BT) is considered to be a
good alternative lead-free material to the PZT perovskite materials. (1-x) NBT-x BT shows a
morphotropic phase boundary (MPB) between the rhombohedral and the tetragonal phase, at
x between 0.06 and 0.07 [36]. The electrical and optical properties of NBT-xBT can be modified
due to the phase transition from rhombohedral (R) to tetragonal (T).

A ceramic target of BNT-5%BT was ablated by a Surelite Il Nd:YAG pulsed laser with wavelength
of 266 nm, pulse duration of 5 ns and frequency 10 Hz, and a fluency of 1.6 J/cm”. The number of
laser pulses was 36,000. The films were grown on Pt/TiO,/5iO,/Si substrates, in reactive oxygen
atmosphere at 0.1 mbar pressure. The distance between target and substrate was kept at 5 cm.
During deposition, the substrates were heated at temperatures of 700 and 730°C.
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Figure 8. Ellipsometry spectrum for a-SBN on MgO. The circles represent the experimental data, whereas the solid lines
result from the fitting procedure using the Tauc-Lorentz oscillator. (Down) Refractive index for crystalline target (dashed

lines): a-SBN on MgO (red thick line) and a-SBN on Si (blue thin line) [35].

Samples MSE A En C Eg el
On MgO 8.094 193.1+8.77 5.2978 £ 0.0393 3.2284 £ 0.162 3.8102 £ 0.0105 1.639 £ 0.0591
On Si 8.842 131.58 + 8.34 5.2161 + 0.0427 1.759 4 0.163 3.7443 £ 0.0209 2.3611 4 0.0893

Table 6. The fitting parameters obtained from Tauc-Lorentz fit [35].

For ellipsometric measurements, the angle of beam light incidence was set at 60-70° with a step
of 5°. The experimental data of ¥ and A were acquired in the 250-1700 nm range of wavelength
with a step of 2 nm. The optical model consists of three material layers: the platinum layer with a
thickness of 150-200 nm, considered as a substrate; the BNT-5%BT thin film, and the roughness.
As in the case of SBN, the fitting procedure consists of two steps: first, the thicknesses of thin
films and the roughness were calculated from fitting the experimental data in the 600-1700 nm
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Figure 9. Ellipsometry spectrum for BNT-5%BT on PT Si (left and center). The black lines represent the experimental data,
whereas the dots result from the fitting procedure using the Gauss and Cody-Lorentz oscillator; the calculated refractive
index and extinction coefficient (inset) for BNT-5%BT (right) deposited at substrate temperature of 700 (dots) and 730°C
(lines) [40].

range of wavelength, and second, the Cauchy layer was replaced by an oscillator. In case of BNT-
5%BT, the best fit was obtained using a sum of Gauss and Cody-Lorentz oscillator [37], a well-
known optical model for BNT and solid solution BNT—x%BT [38, 39]. The thickness of samples
was found to be d =131.9 nm for BNT-5BT growth at 700°C, with a roughness of 26.9 nm, and for
a film growth at 730°C, the thickness was 241.2 nm with a roughness of 23.7 nm. The values of
MSE was 78.8 in case of Tdep = 700°C and 91.34 for Tdep = 730°C. In Figure 9, the Cody-Lorentz
fit result and the calculated optical constants are presented.

The results of XRD indicate a polycrystalline randomly oriented thin films of BNT-BT growth by
PLD on Pt/Si substrate [40]. The polycrystalline nature of BNT-BT thin film with randomly
oriented nanocrystals can explain the high value of MSE. From Figure 9, it is easy to observe
the discrepancy in modeled and experimental data in UV range, and this discrepancy can be
caused by existence of small defects in sample. In terms of refractive index, the highest value was
obtained for higher deposition temperature. The extinction coefficients “k” increase fast in the
wavelength ranging from 280 to 380 nm. In the 380-600 nm spectrum range, the “k” presents an
Urbach tail and this can be explained by optical scattering on randomly oriented nanocrystals.

4. Conclusions

Thin films of amorphous and crystalline oxides (Sm;O3, ZrO,, Sr,Ba;_«Nb,Og (SBN), Nay,Biy,
2TiO3—x%BaTiOs (NBT-x%BT), high-temperature superconductive oxide YBa,CuzO;_;
(YBCO), and magnetic alloy (NdFeB) have been grown by pulsed laser deposition. The optical
properties of films were successfully determined by spectroscopic ellipsometry. High transparent
thin film was obtained in case of ZrO,. The films of SBN and NBT-x%BT show a high value of
refractive index (n >2) and low extinction coefficients (k < 10~*) in visible and near-IR range of
wavelength. In our optical models presented above, we have to choose every time a different
oscillator to describe the behavior of complex refractive index, and this choice was conducted
by applying two rules: the “rule” of MSE —the smallest values of MSE mean the better fit, and
in order to obtain the smallest value, a sum of oscillators can be tried until the experimental
data and the theoretical data are overlapped. Second, we have to look at the types and
properties of an initial material. The Lorentz oscillator have a symmetric shape, and the high
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and low energy sides of the function decrease at the same rate and can be used for complex
refractive index of conductive oxides or metal [41, 42]. The Lorentz oscillators have long
asymptotic tail and cause unwanted absorption in transparent regions for some types of
materials. The long tail of Lorentz oscillator was the reason for Lorentz fit in case of NdFeB
alloy. In case of ferroelectric materials, the Lorentz does not fit very well because of the
characteristics of the complex dielectric function at the near ultraviolet and ultraviolet (UV).
For ferroelectric materials, the Tauc-Lorentz [43] or Cody-Lorentz oscillators are more flexible
at higher energies in the ultraviolet range of the spectrum. The Tauc-Lorentz oscillator is used
for amorphous ferroelectric materials, and this was the reason for choosing it in case of SBN
thin film. For BNT-BT material, a Cody-Lorentz combined with a Gaussian oscillator will give
the best results.
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Abstract

In the last few decades, nanoparticles have become key components in a variety of appli-
cations in nanotechnology, nanoengineering, and nanoscience. Pulsed laser ablation in
liquids (PLAL) method is frequently preferred for fast and pure nanoparticle generation.
There exists a wide range of metal and semi-conductor nanoparticles that are success-
fully synthesized by PLAL method. In our research, nanoparticle synthesis of different
materials and their applications are pursued. After nanoparticle synthesis, the applica-
tion research proceeds and the scope of the research spans many subjects ranging from
sensor realization to biological applications.

Keywords: nanoparticles, nanocrystals, nanocomposites, pulsed laser ablation method,
nanoparticle applications, nanotoxicology, nanodevice

1. Introduction

In recent years, nanoparticles (NPs) have received great attention in various scientific areas
due to their unique material properties and applications. The scope of nanoscience spans
100 nm or smaller scales, where the nanoparticles show different physical and chemical prop-
erties than their bulk counterparts as the scale goes down to nano. The unique properties
of the nanomaterials led to a significant rise in the progress of nanoscience research. The
nanoparticle generation methods become a crucial part in the research due to the application
requirements. Nanoparticles could be synthesized in the laboratory environment by physical
and chemical methods [1]. One of the most promising top-down approaches for nanomaterial
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generation is PLAL method due to its various advantages. In PLAL method, pure and uncon-
taminated nanoparticles could be produced by a relatively fast process and it is also a good
candidate for mass production at a low cost.

1.1. Laser-material interaction and pulsed laser ablation in liquid method

Lasers offer a unique ability to directly deposit great amount of energy onto the specified
regions of a material to fulfill the response in demand. When the laser energy is delivered
onto the material surface, three main cases—reflection, transmission, and absorption—have a
significant role in results of the interaction. In the first two cases, after laser beam hits the mate-
rial, some amount of the incoming laser energy is reflected due to the real part of the index of
refraction and the rest of the laser energy is transmitted through the material. The reflection
from the material also depends on frequency (or wavelength) of the light source. For example,
the reflection from metals varies from 0.4 to 0.95 in the spectral range from near UV to visible
(UV-Vis) and 0.9-0.99 in the spectral range of infrared (IR) [2]. In the third case, some of the laser
energy is absorbed by the material due to its absorption coefficient (@), and the laser intensity
decreases exponentially as it travels inside the material. This ability can be explained by laser-
material interaction, which depends on the internal properties of both lasers and materials.
The effects of linear optical phenomena are taken into account in the approaches mentioned
above. These cases for both material and laser are not necessarily the same for all conditions.
For instance, some of the materials have strong nonlinear properties, which affect the refractive
index variation for different wavelengths; thus, the whole process will be affected and altered
such as self-focusing, defocusing, and soliton propagation [3]. Also, laser sources could act as
an important role for the process. The laser source could be continuous wave (CW) or pulsed
(ps, fs). While continuous wave (CW) and pulsed laser processing, the single photon absorp-
tion is considered; however, in the ps or fs laser processing, nonlinear phenomena could occur
such as multi-photon absorption and optical breakdown, which cause a decrease in absorption
depths [4]. These phenomena are very important for the nanomaterial generation, and they
will be given in the PLAL. When the material absorbs the laser energy directly, the removal of
the material is observed. This phenomenon is called ablation. Laser ablation is generally con-
sidered as a pulsed laser process; however, it is also applicable with CW lasers. The ablation
of materials occurs when the laser energy becomes greater than the threshold fluence. Laser
and material parameters determine the process characteristics. The main parameters that the
laser depends on are wavelength, pulse duration, fluence, and pulse length [5]. The material
properties such as absorption, defects inside the material, and general characteristics of the
material are also important for the ablation. In the PLAL process, laser and material interact
in the liquid surrounding and a series of physical phenomenon occur. The plasma plume is
created when intense laser beam hits the solid target. The created plasma plume begins to
cool and it becomes condensed. Finally, nanoparticles will be generated through this process.
Although many synthesis and applications of nanoparticles have been demonstrated by using
PLAL method in the past decade, the main physical mechanism behind PLAL method remains
a puzzle. To understand the mechanism, Direct Simulation Monte Carlo (DSMC) calculations
have been performed to simulate the ultra-short, laser-ablated plume dynamics and nanopar-
ticle evolution under realistic experimental conditions [6].
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1.2. Outline of book chapter

In this book chapter, a variety of nanomaterial generation through PLAL method will be given
in terms of their characterization techniques, properties and applications. Nanoparticles,
nanocrystals and nanocomposites synthesis could be successfully achieved since PLAL
technique is applicable to a wide range of materials from metals to semi-conductors. Metal
nanoparticles (Au, Ag, Ti, etc.) are ablated by intense laser beam and nanoparticle generation
will be observed in organic solutions. Semi-conductor materials such as Il nitride group (InN,
GaN, and MoS2) could be generated in very small diameters and by-product free by PLAL
method. Their physical properties such as light absorption, crystal structure, and photolu-
minescence (PL) could be used in many applications. Nanodevices such as photodetectors
are fabricated successfully due to broadband light absorption of nanomaterials in differ-
ent regions of spectrum from ultraviolet to infrared. High-sensitive strain sensor, solar cell,
and memory devices have been realized with different nanomaterials synthesized by PLAL
technique. Nanomaterial properties and their application areas will be resumed in this part.
Moreover, nanoparticles produced by PLAL will be evaluated in terms of their toxicological
effects on both the environment and ecosystem and the human health.

2. Nanoparticles, nanocrystals, and nanocomposites from pulsed laser
ablation

2.1. Metal nanoparticle generation

The wide range of materials can be synthesized by PLAL method, and metals (Au, Ag, Ti, etc.)
are the most commonly generated materials due to their unique properties unlike their bulk
state. PLAL method allows a mass production due to easy and fast process. The chemical-pro-
cess-free nanoparticle generation provides noncontaminated and pure nanoparticles which
contribute to research areas such as biological and chemical sensing, medical applications and
strain gauges [7-9].

2.1.1. Gold nanoparticles

The conduction property of chemically sensitized Au-NPs is frequently studied [10]. Chemically
obtained Au-NP films tend to show exponential decay dependence due to their chemical ligands
over the Au-NPs. This behavior can be explained by quantum-tunneling effect which depends
on the width of the potential barrier. Due to this effect, it is indicated that the Au-NP films can
be used for as highly sensitive strain gauges. In principle, the presence of chemical ligands may
decrease the performance of the sensitivity. Au-NPs generated by PLAL method are used as films
on PDMS substrate to demonstrate high gain sensitivity [9]. In Figure 1a, Au-NPs are represented
as spheres, and the edges of the sensor are Pt contacts. The initial state of the Au-NP-deposited
sensor is on the left-hand side where there is no strain and the resistance of the film is denoted as
R. When the strain is applied to the sensor, the distance between Au-NPs begins to increase and
the resistance of the film becomes AR as shown in the image at the right-hand side.
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Figure 1. (a) Au-NP film-deposited strain sensors, (b) resistive response of the Au-NP film [9].

In Figure 1b, the resistance response of the Au-NP films when the strain applied is represented.
The strain response of the Au-NP sensors is formulated as AR/R = exp(ge) — 1 [11]. The G factor
of Au-NP films is reported as ~300 for strains higher than 0.22%. The high sensitivity of the
Au-NP generated by PLAL method used in the strain sensors is connected to the noncontami-
nated NP surfaces, the size of the NPs. The quantum-tunneling effect between nanoparticles
enhances the gain sensitivity due to purely obtained Au-NP by PLAL method. In comparison
to chemical NP generation method, PLAL method provides chemical-free and pure NPs. There
would not be any contaminants over the surface of the Au-NPs. Due to this behavior, quantum-
tunneling effect becomes stronger and more effective.

2.1.2. Silver nanoparticles

Nanoparticles exhibit quite different properties compared to their bulk counterparts. High
specific surface areas and mobilities, which are the results of their small sizes (<100 nm), make
them a potential risk for humans and environment [12]. Widespread production and use of
nanoparticles in different applications in medical, biological, electronic and industrial fields
might lead to unfavorable effects on both humans and a wide range of organisms [13]. Thus,
nanoparticles should be evaluated in terms of ecological and toxicological aspects for a deeper
understanding of the impacts on both humans and other organisms.

Silver nanoparticles (Ag-NPs) are one of the commonly used nanoparticles which are utilized in
therapeutics, cosmetics, food additives, textiles and antimicrobial coatings on medical implants,
catheters, wound dressings and so on [14]. Ag-NP production is mainly achieved by reduc-
ing the Ag salt but there are also other nanoparticle production methods for the synthesis of
Ag-NP, such as electrolysis, photoreduction, pyrolysis, and sol-gel methods [15, 16]. The major
drawback of these Ag-NPs produced by aforementioned methods is that the resulting Ag-NPs
are coated either with a by-product due to the chemical reaction or with other molecules on pur-
pose such as polyvinylpyrrolidone (PVP), antibodies, and surfactants. These coatings lead to
different surface chemistries which masks the real Ag-NP toxicity. Since pure uncoated Ag-NPs



Nanoparticles, Nanocrystals, and Nanocomposites Produced with Pulsed Laser Ablation and...
http://dx.doi.org/10.5772/intechopen.70594

are the commonly found types of Ag-NPs in nature and in industry as products or by-products,
itis crucial to reveal their toxicity profile [17]. PLAL is the most suitable method to produce pure
uncoated Ag-NP for the evaluation of Ag-NP toxicity. Our group studied different aspects of
Ag-NP toxicity in two distinctive studies.

In both of the studies, Ag-NPs were produced in water by using a commercial nanosecond
pulsed ND:YLF laser (Empower Q-Switched Laser, Spectra Physics) (527-nm wavelength,
100-ns pulse duration, 16-W average output power, 1-kHz pulse repetition rate and 16-mJ
pulse energy). The Ag-NPs were crystalline in structure and the size distribution of these
nanoparticles was determined as 5-50 nm although there were also larger nanoparticles up
to micron sizes. The nanoparticles did not show an aggregation pattern as can be observed
from both transmission electron microscopy (TEM) and scanning electron microscope
(SEM) images. Energy-dispersive X-ray (EDX) analysis revealed that a pure Ag-NP solution
was obtained by the nanosecond laser ablation method since the only peak was the silver
peak apart from the carbon and copper peaks due to TEM grids. The characteristic UV-vis
absorption peak at approximately 400 nm also confirms the presence of Ag-NP, which is
consistent with the previous studies [18]. These characteristics are present in both the stud-
ies mentioned subsequently (Figure 2).
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Figure 2. (a) Ag-NP solution produced by PLAL. No precipitation was observed at least for 4 months. (b) Absorption
spectrum exhibited absorbance peak at approximately 400 corresponding to Ag-NP. (c) SEM image of Ag-NPs (2-mm
scale bar). (d) TEM image of the Ag-NPs (20-nm scale bar); the inset represents EDX analysis of Ag-NP [21].

149



150

Laser Ablation - From Fundamentals to Applications

Firstly, the toxic effects of Ag-NPs on the environment were evaluated by using an aquatic
macrophyte Lemna minor as the model organism. For this purpose, dose- and time-depen-
dent toxicities were assessed. It was shown that L. minor amplifies rapidly in low con-
centration ranges; however, concentration-dependent toxicity is much less pronounced
at higher concentrations. When Ag-NP concentrations increase slightly in lower concen-
trations, there is a remarkable increase in toxicity. This might be a significant result in
ecological perspective since low amounts of Ag-NP, which might be released to the envi-
ronment accidentally, might affect the ecosystem and aquatic macroflora in a significant
manner [19].

Secondly, as indicated in the aforementioned application fields of Ag-NPs, humans fre-
quently encounter these nanoparticles in daily life. NPs can reach the brain both by systemic
circulation and through the olfactory bulb which leads to serious effects in central nervous
system [20]. It was also demonstrated that Ag-NPs are detected in different brain regions after
inhalation [21]. Our group aimed to determine the effects of Ag-NP on learning and memory,
and thus hippocampus was chosen for this study. The distribution and the toxicity of the pure
Ag-NPs produced by PLAL in the rat hippocampal slices were determined. Furthermore, it
was revealed that the size of pure Ag-NPs was crucial for the cellular uptake mechanism of
pure Ag-NPs. Phagocytosis was shown as the type of endocytotic pathway that governs the
entry of larger Ag-NPs into the hippocampal neurons. This study demonstrated that PLAL is
a substantially useful method for studying NP toxicity, since it provides pure NPs mimicking
the ones frequently used in the industrial fields.

2.2. Semi-conductor nanoparticle generation

The generation of the semi-conductor NPs is intensely studied in the past decade because
of the physical, chemical, electrical, and optical properties of the nanomaterials [22-24]. The
optical absorption and photoluminescence properties of the SC-NPs are highly related with
the size of the NPs due to quantum confinement effect and they can be widely used in the
optics and optoelectronics applications, and multi-functional nanocomposites are developed
thanks to the unique optical properties of the SC-NPs [25-27]. In this section, Si, GaN, InN,
MoS2 NC synthesis and their unique properties will be discussed.

2.2.1. Germanium nanocrystals

The thin film technology is the most commonly used method for the development of NPs,
SC-NPs and nanocomposites [28-31]. However, the downsides of this method include the
control of the film thickness, homogeneity of the film, and it is also hard to fabricate high
surface to materials. The unique properties of laser-material interaction lead to the wide vari-
ety of metal and SC material generation [32]. PLAL method offers pure and agent-free NP
generation. The photoluminescent Ge-NCs synthesis was demonstrated by ns-PLAL method;
then, the Ge-NCs were merged into the electrospun polymeric nanofiber matrix to gener-
ate functional nanofibrous composite web [33]. The generated functional nanocomposites are
represented in Figure 3. Their optical properties UV-vis absorption spectra and PL spectra
are shown in Figure 4.
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Figure 3. SEM images of (a) PVA nanofibers, (b) Ge-NCs/PVA nanofibers (the insets represent the high magnification
SEM images), (c) STEM image of Ge-NCs/PVA nanofiber [33], (d) EDX data of Ge-NCs/PVA.
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Figure 4. (a) Absorption spectra of Ge-NCs in acetone solution in UV-vis region, PVA nanoweb, and Ge-NCs/PVA
nanoweb in the solid state, (b) photoluminescence (PL) spectra of Ge-NCs in acetone solution, PVA nanoweb and
Ge-NCs/PVA nanoweb in the solid state [33].

The Ge-NCs/PVA nanocomposite represents similar photoluminescence spectra as Ge-NCs solu-
tion generated by PLAL method. Therefore, the functional polymeric nanoweb shows unique opti-
cal properties by integrated Ge-NCs generated by PLAL method in electrospun PVA nanofibres.

2.2.2. Silicon nanocrystals

Silicon is abundant in nature and environmentally friendly when compared to cadmium
when considered as a nanocrystal quantum dot to be used in color-conversion light-emitting
diodes. Moreover, ultra-small silicon nanoparticles were demonstrated to present strong
luminescence properties. Thus, different techniques to produce silicon nanocrystals (S5i-NCs)
were suggested in the literature such as ion implantation, electrochemical etching and chemi-
cal vapor deposition. These techniques generally were shown as limited for the mass pro-
duction. On the other hand, PLAL was proposed as a convenient method for the production
of Si-NCs in the literature [34-36]. Our group aimed to produce blue luminescent colloidal
Si NCs by using a two-stage process. Firstly, small particles (5-100 nm in diameter) were
produced using femtosecond laser. Then, ultrasonic and filtering post-treatment processes
were utilized as chemical-free post-treatment methods. The resulting Si-NCs were 1-5.5 nm
in diameter, which indicated the production of ultra-small Si-NCs. Moreover, PL emission
characteristic of untreated Si NCs was blue-shifted with a broadband PL emission after the
post-treatment. Thus, PLAL might be a safe and alternative method to produce ultra-small
Si-NCs to be used in biological applications owing to their chemical-free nature [37].

2.2.3. GaN nanocrystals

III-N-based semiconductors gained attention recently for their wide, direct and tunable band
gap from IR to UV regions to be used in optoelectronic devices [38, 39]. Specifically, GaN-
based materials were shown to be good candidates for devices in harsh environments due
to their high strength, high power, high temperature, and high frequency resistance [40].
Different growth techniques were suggested for the production of nanocrystalline GaN in
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the literature [41-43]. However, these methods result in GaN nanostructures with chemical
contaminants. PLAL, on the other hand, offers the production of chemical-free and clean
nanomaterials which can be used in various applications, including biomedical fields [44, 45].
Our group showed the production of ultra-small GaN-NCs in ethanol with a one-step PLAL
method by using a femtosecond laser. It was shown that the colloidal spherical-shaped GaN-
NCs were successfully produced and their size distribution was shown as 4.2 + 1.9 nm, which
is smaller than the doubled exciton Bohr radius. X-ray diffraction (XRD) data confirmed the
hexagonal wurtzite crystalline structure of GaN-NCs (Figure 5), which was further deter-
mined with selected area electron diffraction (SAED) pattern. Further X-ray photoelectron
spectroscopy (XPS) characterization showed the GaN-NC production. Furthermore, PLAL
method was repeated with a nanosecond laser, which resulted in the production of amor-
phous GaN-NPs with a 12.4 + 7.0 nm in ethanol. The size distribution decreased to 6.4 +
2.3 nm when nanoparticles were produced in PVP polymer, yet GaN-NPs were amorphous
in structure. GaN-NCs produced by femtosecond PLAL exhibited a 1-eV shift in UV/Vis
spectrum and a blue-shifted peak at 4.06 eV due to the quantum confinement effect when
compared to bulk GaN. Thus, these significant optical absorption and PLAL properties of
GaN-NCs produced by PLAL method imply that these nanocrystals might be powerful can-
didates for optical and biomedical devices such as biosensors and photodetectors [46].

2.2.4. InN nanocrystals

Besides GaN, with high mobility and high saturation velocity due to its low effective mass, InN
materials represent potential to be used in high speed and high frequency electronic devices [47].
Indium nitride-based light-emitting diodes show narrow band-gap values (0.7-0.9 eV) at spec-
tral wavelengths [48]. Moreover, InN-NCs might be used in biology and medicine due to their
biocompatible nature and infrared emission properties [49]. There are a number of methods
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Figure 5. Result of the XRD analysis of GaN-NPs (product) produced by PLAL with a femtosecond laser in ethanol
and the starting material GaN powder (educt). Square patterns display GaN wurtzite XRD data and triangles show few
Ga, 0O, peaks [46].
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described in the literature for the production of InN-NCs. However, compared to other
InN-NC synthesis methods, PLAL is a versatile method for the production of colloidal, highly
pure and contaminant-free INN-NCs. Our group demonstrated two different InN-NC produc-
tion studies by using PLAL, in which the starting material was changed.

In the first study, InN-NCs were produced in ethanol with nanosecond PLAL of HPCVD-
grown InN thin film on GaN/sapphire template substrate with different pulse energies [50].
Spherical InN-NCs within size ranges of 5.9-25.3, 5.4-34.8, and 3.24-36 nm were successfully
produced using laser pulse energy values of 8, 12, and 16 m]. The average diameter of the pro-
duced InN-NCs was 10 nm (Figure 6a—c). TEM, Raman spectroscopy and XPS analysis con-
firmed the production of InN-NCs. The UV/Vis/NIR spectrum analysis indicated the strong
absorption edge from NIR region to UV region, which makes InN-NCs suitable candidates
for photonics, optoelectronics, and biological applications [49].
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Figure 6. TEM images of InN-NCs produced with PLAL by using laser pulse energies of 8 (a), 12 (b), and 16 m]J (c) with
particle size distributions (insets), InN nanocrystal (20 nm in diameter) produced with 16-m] laser pulse energy and its
crystal spacing of 2.7 A° (c, inset) [50]. TEM images and size distribution values of InN-NCs generated with (d and g)
3-, (e and h) 4- and (f and i) 5-m] laser pulse energies. The average sizes for INN-NC were 10.84 + 0.71, 16.27 + 0.68, and
16.06 + 0.59 nm for 3-, 4-, and 5-m] laser energies, respectively. Laser energy of 3 m] led to the smallest nanoparticles and
narrower size distribution [51].
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In the second study, to obtain ultra-small INN-NCs (<5 nm in diameter), the starting material was
determined as InN powder target rather than HPCVD-grown InN thin film. It was shown that
lower laser energy and lower ablation duration led to smaller nanoparticles. When ablation time
is increased and the smaller nanoparticles are produced, they tended to aggregate. Hexagonal
InN-NCs smaller than 5 nm in diameter were successfully produced in ethanol (Figure 6d—f) [51].

As a result, it was determined that the starting material, either a bulk target or a suspension,
affects the final nanoparticle size in PLAL. In the literature, it was previously demonstrated that
the ablation of suspensions leads to smaller nanoparticle dimensions compared to the ablation
of bulk target. The particles in the suspension were suggested to absorb all the laser energy
since they encounter a number of pulses during the whole ablation process as a result of con-
tinuous stirring. By contrast, in case of ablation of the bulk target, laser energy is absorbed only
by a specific point on the target leading to larger nanoparticles. Moreover, the nanoparticle size
at the end of the PLAL depends on the initial size of the suspended particles [52, 53].

We showed that pure InN-NCs can be successfully produced with PLAL method. Other
nitrides in the same group might also be successfully produced with PLAL. Moreover, low
decomposition temperatures might be overcome for this kind of material. Therefore, this tech-
nique might be successfully applied for the production of nanoparticles from other nitrides in
the same group. As an outlook, femtosecond laser ablation might be performed to overcome
the low decomposition temperature disadvantage of InN material.

2.2.5. MoS, nanoparticles

The different geometries of MoS, nanocrystal generation have been demonstrated by PLAL
method in different liquids [54]. 3D MoS, nanocrystals are generated in water, and 2D
MoS, nanosheets are generated in methanol as shown in Figure 7a. The optical microscope
images of the MoS, nanosheets are represented in Figure 7b. XRD analysis shows that the
MoS, nanosheets have a hexagonal crystal structure. The E1 2g and A1l g phonon modes are

CH,OH

Figure 7. (a) Scheme of the different-shaped MoS, nanocrystals in different liquids and (b) optical microscope image of
the generated MoS, nanocrystals [54].
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determined by the peaks at 380.33 and 405.79 cm™ respectively, by Raman spectroscopy.
This behavior of the generated nanocrystals in different liquids is associated with the chem-
ical properties of the liquid where the laser ablation occurs. The ab initio calculation is used
to examine the reason for the formation of 2D MoS, in methanol and 3D MoS, nanocrystals
in water which are represented to correlate with vacancy formation.

2.3. Other types of nanoparticles produced by PLAL
2.3.1. Generation of nanoparticles from biological samples

Silica is useful for many plants, and a number of plants such as grasses, rice, sugar beet, and
horse-tail contain high levels of biogenic silica [55]. Especially, sugar beet is an important bio-
genic silica source since the silica content of this plant is mostly found in bagasse, which is pro-
duced in significant amounts as a by-product in agricultural industry. On the other hand, silica
has a number of application fields, in particular in drugs, cosmetics, printer toners, varnishes
and food preservatives [53, 54]. Moreover, silica NPs are used in biomedical and biotechno-
logical fields [56]. Thus, an environmentally friendly process for the production of silica NPs
is crucial. A number of chemical methods were described in the literature for silica nanopar-
ticle production [57, 58]. However, these chemical methods have various disadvantages such
as being energy intensive, expensive, need for high temperatures, strong acidities and high
pressures [59]. PLAL might be suggested as a suitable silica nanoparticle production method
due to its versatility and low cost. Moreover, PLAL allows the synthesis of nanoparticles in
large quantities. Our group demonstrated the production of silica nanoparticles by using the
sugar beet bagasse as the target in PLAL since it contains large amounts of silica inherently. At
the same time, chemical silica nanoparticle production method was utilized for the comparison
of the end products. The successful silica nanoparticle production by PLAL was demonstrated
with several characterization methods such as SEM, TEM, and dynamic light scattering (DLS).
Silica nanoparticles with an average size of 74 nm were obtained with PLAL while chemical
method resulted in a size range of 531-825 nm (Figure 8). Besides, silica nanoparticles produced
with the chemical method resulted in a decrease in the growth of model aquatic algae. On the
other hand, silica nanoparticles produced with PLAL led to an increase in the growth of these
organisms. Due to the purity of silica nanoparticles produced by PLAL, this method might also
be accepted as an environmentally friendly process for the nanoparticle production [60].

2.3.2. Nanocomposite generation

Significantly high surface-to-volume ratio of electrospun nanofibers and nanoparticles incor-
porated into these nanofibers attract substantial attention recently. Functional nanofibrous
structures with unique physical, chemical, optical, and catalytical properties might be obtained
with this incorporation and they are used in different applications such as biotechnology, sen-
sors, photonics, optoelectronics, energy, and so on [61, 62]. Although there are two different
ways to obtain polymeric nanofibers containing NPs [63, 64], both of these approaches include
a number of optimized process for every single material and require the utilization of toxic-
reducing agents, stabilizers, protecting agents or surfactants. Our group demonstrated the suc-
cessful production of Au-NPs in PVP polymer solution with PLAL method and PVP/Au-NP
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Figure 8. (a) The diagram demonstrating the chemical and PLAL procedures used to produce silica nanoparticles from
sugar beet bagasse. The silica nanoparticle size distribution, (b) for the chemically produced nanoparticles, and (c) PLAL
[60].

solution was further electrospun to obtain uniform nanofibers. Here, PLAL was a clean, chemi-
cally safe, and less time-consuming method for functional nanofibers containing nanoparticles.
It can be suggested that other NPs can also be produced by PLAL in various polymer solutions.
Thus, functional nanofibrous composites for different applications can be further developed
depending on the NP and the polymer type [65].

3. Applications

3.1. Thin film MoS, nanocrystal-based ultraviolet photodetector

MoS, NCs-based photodetectors work well in the 300-400-nm UV range while omitting the
response at the visible range due to MoS, NC absorption properties [66]. The UV range
response of MoS, NCs generated by PLAL photodetectors gives a rise in the field of photon-
ics and optoelectronics due to their structural and optical properties. The absorption of MoS,
NCs synthesized by PLAL and the photodetectors based on them are very similar and their
photoresponsivity has a good agreement. MoS, NC-based photodetectors could be more
advantageous compared to silicon- and germanium-based photodetectors because of their
low oxidation tendency [67-70].

3.2. A plasmonic-enhanced photodetector based on silicon nanocrystals obtained through
laser ablation

A photodetector that works at visible range is fabricated and its electrical properties are
enhanced by adding Ag-NCs layer which improves the plasmonic effects where Si-NCs are
synthesized by PLAL method and Ag NCs are generated by atomic layer deposition (ALD)-
annealing technique [71]. The SEM image of the Ag-NCs is represented in Figure 9a and the
inset shows the size distribution of the Ag-NCs. In Figure 9b, the schematic representation
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Figure 9. (a) SEM image of Ag-NCs; inset: size distribution of them, (b) schematic representation of the photodetector, (c)
UV-vis absorption of Ag-NCs on quartz, (d) photo-generated current versus wavelength spectrum [71].

of the fabricated photodetector is shown where the active films (Si-NC and Ag-NCs) are
sandwiched between insulating Al,O, films. The absorption graph of the Ag nano islands
is at the visible range and shown in Figure 9c. The photo-generated currents are measured
for both cases; first one is without the Ag-NC film, and the second case is with the Ag-NC
film. In Figure 1d, the measure photo-generated current versus wavelength is represented.
The visible response is enhanced by adding Ag-NC film due to its plasmonic effects. Si-NC-
based photodetector is widely used for visible range and its electronic and optical proper-
ties could be improved by Ag-NC film because of its unique plasmonic effects.

3.3. A near-infrared range photodetector based on indium nitride nanocrystals obtained
through laser ablation

Plasmonic properties of nanomaterials enable the optical tuning of near-infrared range
plasmonic devices and they are frequently studied by many areas such as nanophotonics
and telecommunication [72]. The large portion of solar spectrum consists of NIR range and
this increases the importance of plasmonic-enhanced devices that work at this range [73].
Indium nitride nanocrystals (InN-NCs) have a NIR plasmonic resonance property [74, 75].
They also have a low band-gap energy, which is in the range of 0.7-0.9 eV, and they have
unique electronic features such as high electron mobility, which allows fabricating high
speed and high frequency electronic devices [76]. A near-infrared ranged photodetector has
been demonstrated by using InN-NCs [77]. InNN-NCs are generated by PLAL method from
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chemical vapor-deposited thin film. When 1-V bias is applied to the device, 600-1100-nm
wavelength range photosensitivity is recorded. In Figure 10a, TEM images of InN-NCs syn-
thesized by PLAL method are represented. In Figure 10b, 3D scheme of photodetector is
shown, and in Figure 10c, the photoresponsivity versus wavelength graph is shown.

3.4. Enhancement in c-Si solar cells using 16-nm InN nanoparticles

To increase the performance of Si solar cells, INN-NCs are used. Higher performance
depends on the low reflection that causes light scattering which allows enhancement
between 400 and 620 nm [78]. This study was related with improving the anti-reflective
coating (ARC) layers such as texturing for light trapping and layer designing [79-83]. Due
to INN-NC coating, 9.67 and 16.42% improvements are obtained for short circuit current
density and efficiency, respectively.
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Figure 10. (a) TEM image of InN-NCs, (b) schematic of photodetector, and (c) photosensitivity versus wavelength graph
[77].
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3.5. Enhanced memory effect via quantum confinement in 16-nm InN nanoparticles
embedded in ZnO charge-trapping layer

The fabrication of charge-trapping memory cells with InN-NCs synthesized by PLAL method
has been demonstrated with ZnO charge-trapping layer [84]. The observed memory hysteresis is
very low without the InN-NCs. After INN-NCs enhancement, a 5-V memory window is achieved.

Figure 11. TEM images demonstrate the Ag-NP distribution in isolated rat hippocampal slice incubated with Ag-NPs, (a)
control; (b) and (c) Ag-NPs in the extracellular region; (d) Ag-NPs in the intracellular region, localized in the cytoplasm;
(e) phagocytosis of Ag-NPs. Arrows show the Ag-NPs. Scale bar for each figure is 500 nm [21].
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3.6. Biological applications

Pure uncoated Ag-NPs were used for the evaluation of Ag-NP toxicity in an aquatic mac-
rophyte and in rat hippocampus cells. It was shown that Ag-NPs led to a dose-dependent
toxicity in lower nanoparticle concentrations, which implies that accidental contamination
of water sources with Ag-NP at low doses might result in significant ecological toxicity
[19]. In the other toxicity study, the purity of Ag-NPs produced by PLAL method led to the
understanding of the importance of surface chemistry and the size for the uptake mecha-
nism of Ag-NPs into isolated rat hippocampal cells. It was demonstrated that phagocytosis
was endocytotic pathway type for the entry of larger Ag-NPs into the hippocampal neurons
(Figure 11) [21].

4. Conclusion

Nanoparticle production is a crucial part of the nanoscience which leads to several applica-
tions in physics, electronics, medicine, biology and industry. As the scale goes down to nano,
materials exhibit unique properties compared to their macroscale bulk counterparts. To reveal
such properties, reaching nanoscale material production has become an issue. PLAL is a fast
and cheap method to obtain pure nanomaterials in organic solutions. Also, it is easy to apply
to different materials since it does not require high temperature and high-pressure conditions.
The presented results demonstrate both nanomaterial generations and their applications are
successfully achieved with various materials. To sum up, PLAL is a powerful nanomaterial
generation method that is already demonstrated with different types of materials and appli-
cations successfully. Additionally, PLAL is a promising technique to become mass nanomate-
rial production with its unique properties.
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Abstract

Polymer and biomolecule processing for medical and electronics applications, i.e. the fabri-
cation of sensors and biosensors, microarrays, or lab on chip devices is a cornerstone field
which shows great promise. Laser based thin film deposition techniques such as pulsed
laser deposition or matrix-assisted pulsed laser evaporation (MAPLE) are competing with
conventional methods for integrating new materials with tailored properties for novel tech-
nological developments. Successful polymer and protein thin film deposition requires sev-
eral key elements for depositing viable and functional thin films, i.e. the characteristics of
the laser depositing system, the choice of targets and receiver substrates, etc. This chapter
reviews the following topics: brief presentation of the MAPLE process including several
examples of polymer materials deposited by MAPLE, thus illustrating the potential of the
technique as a gentle laser-assisted deposition method. In particular, the “synthesis” of
new materials, their analysis and correlation of the bulk and interface properties to its bio-
environment shall be discussed as a method to tackle some bioengineering issues. We will
also focus on recent breakthroughs of the MAPLE technique for the fabrication of functional
devices, i.e. sensor devices based either on chemoresponsive polymers or on proteins.

Keywords: maple, polyethylenimine, polyepichlorohydrin, polyisobutylene, lactoferrin,
odorant-binding proteins, saw, hydroxyapatite nanoparticles, ha, polyethylene
glycol-co-polycaprolactone methyl ether, PEG-PCL-me

1. Introduction

A little more than 50 years ago, on 16 May 1960, LASER light was first generated, at the time
being described as “a solution looking for a problem.” Today, this acronym for Light Amplification
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by Stimulated Emission Radiation has become a common part of our vocabulary. The proper-
ties of emitted light make lasers useful devices in many applications where monochromatic,
coherent light is required. The use of lasers today is so far reaching and widespread that a
comprehensive enumeration is impossible. Lasers cross many areas of manufacturing, such
as medicine, surgery, telecommunications, homeland security, lighting, displays, and nano-
technology, just to name a few.

New tools bring new capabilities to research. In materials science, laser techniques revo-
lutionized our understanding of materials by making it possible to design and integrate
new materials with tailored properties for novel technology developments. Shortly after
the discovery of lasers, researchers began irradiating every possible target material and
phase.

Three years after the discovery of laser, Breech and Cross studied the laser vaporization and
excitation of atoms from solid surfaces, while in 1965, Smith and Turner deposited the first
thin films using a ruby laser. Starting with that moment, laser ablation became more and more
popular for the deposition of various materials as thin films.

Pulsed laser deposition (PLD) is a growth technique that has been extensively used over the
years, in different configurations. The common principle of these different approaches relies
on irradiating a target (solid or liquid) with a pulsed laser source that is powerful enough
to produce the ablation of the respective target. As most PLD experiments are carried out in
vacuum, in a specialized deposition chamber, the ablated species are ejected from the target
in the form of plasma, commonly referred to as “ablation plume.” The high kinetic energy of
the plume species (up to 100 eV) ensures their fast transport to a collecting substrate, usually
positioned few centimeters away from the target. Ultimately, the ablated material gradually
accumulates on the substrate in order to form a thin film, whose properties can be tuned by
an appropriate control of the various experimental conditions.

Although the PLD technique is simple in concept, the flexibility in tuning the different
parameters that affect the properties of the resulting films gives it a high degree of sophis-
tication, which results in many advantages: (i) the laser source is positioned exterior to
the deposition chamber, making it easy to operate changes to the ablation geometry and
to deposition parameters involving ablation wavelength, energy per pulse, or the use of
multiple ablation sources; (ii) most known solids and liquids have ablation thresholds
well within the capabilities of present-day lasers dedicated to ablation procedures; (iii)
for a given set of experimental parameters, the ablation rate of a target can be determined,
which allows for a precise control of the film thickness down to a single pulse; (iv) a selec-
tive ablation of the target is achieved, limited to the area irradiated by the laser; (v) stoi-
chiometric transfer between target material and substrate is achievable under appropriate
conditions; (vi) the high kinetic energy of the ablated species provides them increased
mobility, with respect to non-ablation techniques, thereby decreasing the substrate tem-
perature that is otherwise necessary for the formation of a specific compound; (vii) PLD
allows the obtaining of peculiar materials and metastable states that cannot be reproduced
by other techniques [1, 2].
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The ablation threshold of most target materials is well below that of their decomposition.
However, there are several types of polymers, biopolymers, and proteins for which this
condition does not hold true. These materials are very sensitive to pulse energies com-
monly delivered by ablation laser systems, and their direct irradiation, even at low flu-
ence, can result in photochemical or thermal decomposition. Therefore, in order to avoid
permanent structural damage, a softer laser ablation technique has been tailored around
the specificities of organic and polymeric materials. This novel technique is referred to as
“matrix-assisted pulsed laser evaporation” (MAPLE) and has been shown to be a powerful
tool for the obtaining of organic thin films [1, 3]. In principle, it is a variation of the PLD
concept, but its peculiar target preparation and handling procedures set it apart from a
technical point of view. In MAPLE, the material of interest (e.g., a polymer or biomolecule)
is diluted or dispersed in an inert solvent (i.e., matrix), and its weight concentration in
the resulting solution is typically in the range of 0.1-5%. The solution is homogenized
by means of magnetic stirring, and then frozen on a liquid nitrogen-cooled support, thus
resulting in a solid target. When the target is ablated by the laser pulses, the solvent evapo-
rates and is pumped out, whereas the material of interest (polymer, biomaterial) acquires
sufficient kinetic energy to be transported and collected on the substrate. This approach
provides a mechanism for thin-film growth that avoids structural damage of the dissolved
material, due to the fact that the energy of the laser pulse is absorbed selectively by the
solvent.

Two critical conditions must be fulfilled in order to achieve successful deposition by MAPLE:

1. The matrix should exhibit a strong absorption profile at the laser wavelength, whereas the
guest material should show as little absorption as possible.

2. There must be no photochemical-mediated interaction between the solvent and the mate-
rial of interest.

The most important advantages of MAPLE are (i) ultra-high vacuum is not required (a base
pressure of 10°-10° mbar is enough) and (ii) this method is very flexible for the selection
of the solvents. If we have a material that can be dissolved in a solvent, we can try to apply
MAPLE to produce thin films, but we have to consider the two conditions mentioned above.

Previous studies have shown that by a careful choice of the experimental conditions, that is,
choice of laser wavelength, pulse length, laser fluence, substrate temperature, and background
atmosphere, it is possible to deposit a wide range of organic and biological compounds, without
any chemical or structural alterations. Here, we only present a reduced list of such materials:
polymers (polyethylene glycol (PEG) [4, 5], poly(D,L-lactide) [6], polyalkylthiophene [7], poly-
aniline [8]), polymer blends [9], active proteins (lysozyme [10], lactoferrin [11], mussel protein
[12]), nanoparticles (TiO, and SnO, [13, 14]), and polymer-carbon nanotube composites [15, 16].

Moreover, MAPLE has been successfully used in sensor applications. Several groups have
successfully deposited different polymers for sensor applications. For example, in [17], Pique
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et al. prove the suitability of MAPLE for the deposition of chemoselective polymers such as a
fluoroalcoholpolysiloxane polymer (SXFA), and [18] demonstrated the deposition of polysi-
loxane thin films with applications in chemical sensors.

Although in the above-mentioned cases MAPLE has demonstrated its suitability for obtain-
ing organic thin films, the deposition mechanism is still not completely elucidated. In [19, 20],
molecular dynamics (MD) studies are performed for molecular systems consisting of polymer
molecules dissolved in a volatile molecular matrix. The MD studies revealed a significant
influence of the polymer molecules on the ablation process, even at relatively low concentra-
tions in the range of several weight percent. Characteristic features detected on the surface
of the MAPLE-deposited thin films such as elongated viscous droplets and “molecular bal-
loons” composed of polymer layers which enclose matrix material were explained by these
MD studies.

This chapter reviews the MAPLE process for the deposition of different types of materi-
als (in particular polymers and proteins) as thin films for applications in biology and also
their integration in sensor devices. Specifically, the following topics will be discussed: the
experimental part in the MAPLE process for the deposition of polymer thin films; sev-
eral examples of polymer materials deposited by MAPLE, illustrating the potential of this
technique as a gentle laser-assisted deposition method. We will also focus on recent break-
throughs of the MAPLE technique for the fabrication of functional devices, that is, sensor
devices based either on chemoresponsive polymers or on proteins, and biomedical appli-
cations of polymer thin films, that is, multifunctional active and responsive biointerfaces,
coatings for orthopedic applications, biodegradable and non-biodegradable coatings as
antitumoral systems.

2. MAPLE of polymers and proteins for sensor and biosensor
applications

In the following section, we will address couple of recent breakthroughs of the MAPLE tech-
nique for the fabrication of functional devices, that is, sensor devices based either on chemo-
responsive polymers or on proteins.

The detection of the analyte is based on the interaction between the polymer and target mol-
ecules which depends on the formation of a weak hydrogen bonding. The functional polymer
group comprises a hydrophilic group, that is, a hydroxyl (OH) unit (or may be an NH, unit)
and a hydrophobic group (e.g., fluorinated (CF) or siloxanes groups -5i-C-O-Si- or -5i-O-
Si-C) which repel water due to the unpolar nature. The (OH) unit binds a single oxygen atom
within the target analyte molecule, and a weak hydrogen bond is thus formed.

The first example of functional sensors presented in this work is based on the works pub-
lished in [21-23]. Three polymers have been chosen, that is, polyepichlorohydrin (PECH),
polyisobutylene (PIB), and polyethylenimine (PEI) to be used as chemical interactive mem-
branes for the fabrication of surface acoustic wave (SAW) sensors. These polymers have the
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ability to specifically and selectively identify target gases immediately, and in addition, they
can be dissolved in common solvents, that is, PECH in acetone, PIB in toluene, and PEI in
ethanol, which makes the fabrication of MAPLE targets rather easy.

In order to carry out the MAPLE experiments, the polymers (three independent experi-
ments) were dissolved in the appropriate solvents at concentrations between 0.1 and 2 wt%,
and the as-obtained solutions were flash frozen in liquid nitrogen. The polymer-contain-
ing targets were irradiated with a laser beam from a “Surelite II” pulsed Nd:YAG laser
(Continuum Company, 266 nm wavelength). When laser light irradiated this target, the
solvent evaporated and the polymer material was collected on the Si(100) substrate placed
parallel and at 4 cm distance from the frozen target. All substrates were cleaned prior to
any deposition by dipping them in different solvents, that is, first in acetone, followed by
ethanol and finally in the ultrasonic bath with ultrapure water. The last step was to blow
dry them in a nitrogen flow.

The laser fluence was varied between 0.08 and 0.8 ] cm™ The substrates were kept at ambi-
ent temperature during the deposition. The number of pulses was varied from 6000 pulses
to 54,000, resulting in thin polymer films (of PEI, PIB, and PECH) with variable thicknesses
(between 40 and 300 nm). A frozen target during irradiation in a MAPLE experiment is shown
in Figure 1.

Prior to their use in SAW sensor applications, the polymer films produced by MAPLE
have been investigated from the surface morphology and chemical structure point of view.
Atomic force microscopy (AFM) has been used to analyze the roughness and thickness
of the deposited polymer films. AFM (XE 100 AFM setup from Park) measurements were
carried out to analyze the films surface roughness on several different areas and dimen-
sions. The chemical structure has been tested with Fourier transform infrared spectroscopy
(FTIR). FTIR is a chemical analysis method that detects the characteristic vibrations of func-
tional groups in a sample. The infrared spectrum of the native molecule was measured and
compared with the thin-film spectra. The FTIR measurements were carried out with a Jasco

Figure 1. Picture taken during a typical MAPLE deposition.
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FT/IR-6300 type A spectrometer in the range 500-7000 cm™. All spectra were obtained by
accumulating 128 scans and CO,/H,O correction.

Investigating the morphology of the deposited polymer (PIB, PECH, and PEI) films, it has
been noticed that their quality is in general affected by the laser fluence, while the thick-
ness of the deposited layers is related to the number of pulses. As general comments, it has
been seen that there is an optimum range of laser fluences for which the surface of the thin
polymer films deposited by MAPLE is uniform, with a low density of droplets and cracks.
For example, the PIB thin films deposited by MAPLE on silicon substrates were generally
rough, the best depositions were achieved for fluences between 0.1 and 0.3 J/ecm?, with 0.08 J/
cm? being the threshold laser fluence. For SAW sensor applications, polymer layers with low
roughness are required, due to the fact that SAW scattering and diffraction can be minimized
with a less rough active surface. This was achieved by using targets with polymer concentra-
tions of 1 wt% and laser fluences of 0.1 J/cm? (in the case of all three polymers) for evapora-
tion. 2D topographical AFM images of the three polymers deposited by MAPLE from targets
containing 1 wt% polymer in the solution are shown in Figure 2. The laser fluence applied for
the deposition was 0.1 J/cm?.

Further on, FTIR analysis was applied to investigate the chemical structure of polymer films.
It has been found that for the laser fluences applied, where the polymer films are uniform and
exhibit the lowest roughness (i.e., 0.1 J/cm?), the important infrared active bands are very well
reproduced (see Figure 3 and Figure 4 as examples).

In conclusion, MAPLE was successfully used to grow uniform and continuous polymer
(PEI, PIB, and PECH) thin films which maintain their chemical structure similar to that
in bulk. In order to prove their feasibility in SAW sensors, the polymer films were depos-
ited onto SAW sensors and tested to evaluate the performances with respect to sensitivity,
resolution, and response time. The responses of the PEI-, PIB-, and PECH-coated devices
to different concentrations of dimethyl methylphosphonate (DMMP) were evaluated. The
frequency shift of the bare and PIB-coated SAW sensor prior to being tested for DMMP
analyte is shown in Figure 5 (left). The response curve of the SAW sensor coated with
PECH, PIB, and PEI polymer exposed to different concentrations of DMMP vapor in N, is
shown in Figure 5.

.
-

Figure 2. AFM images on a 40 x 40 um areas of (left)PIB, (middle) PECH, and (right) PEI polymers.
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Figure 4. FTIR spectra of the PEI polymer layer deposited at a laser fluence of 0.1 J/cm?.

The tests carried out with the SAW sensors showed good performances of the sensors fab-
ricated by MAPLE, in particular the response curve behaviors of the three sensors demon-
strated that PIB polymer has a higher sensitivity to DMMP vapor in comparison to PEI and
PECH polymers. Therefore, a higher resolution was obtained by using PIB coating.
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Figure 5. (left) frequency responses of an uncoated SAW sensor and a PIB-coated SAW sensor. (right) PIB-, PEI-, and
PECH-coated SAW sensor responses to various concentrations of DMMP (adopted from [21]).

In addition to polymers, proteins and other biomolecules are of great interest in the develop-
ment of novel sensors and biosensors, and microarray chip devices. Proteins, and in particu-
lar odorant-binding proteins (OBPs), show tremendous perspective for integration in devices
aimed at the detection of contaminants in food, essential to avoid risks for humans. OBPs are
small extracellular proteins which belong to the lipocalin super-family [25, 26]. They have
an important role in odor detection by carrying, deactivating, and/or selecting the odorant
molecules [27]. In recent studies [28], the possibility of depositing OBPs thin films through
MAPLE onto the active area of a SAW device for the development of a biosensor was pre-
sented. The sensing system proposed by the authors exploited the high sensitivity and fast
response time typical of SAW-based sensors in combination with the adaptable selectivity of
the OBPs [29]. The biosensor fabricated in [28] was based on SAW resonators coated through
MAPLE with wild-type OBP from bovine (wtbOBP), characterized by different binding spec-
ificity, plus an uncoated SAW device used as reference. To demonstrate the functionality of
the biosensor, the SAW devices coated by MAPLE were exposed to different concentrations
of octanol and carvone, two odorant compounds largely used in the food industry.

The typical coatings of morphology together with the frequency response of the SAW device
before and after the MAPLE deposition of wtbOBP (320 mJ/cm? and 46,000 pulses) are shown
in Figure 6a and b. The obtained sensitivities are proportional to the surface density of the
wtbOBP coating and, hence, correlated to the laser parameters. Based on the known molecu-
lar weight of wtbOBP (37,000 Da) and the frequency shift of 502 kHz (Figure 6b) (adapted
from [28]), the obtained surface density was found to be 25.86 x 107 kg/m?, corresponding to
42 x 104 molecules/um?. In particular, the SAW biosensor showed a higher sensitivity to the
carvone odorant (Figure 6¢c, adapted from [28]).

These results demonstrate that MAPLE is a powerful technique to fabricate biosensors with
ultimate applications in assessment of food contamination by molds or for the evaluation of
indoor air quality in buildings.
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Figure 6. (a) AFM images of wtOBP deposited at 320 m]J/cm?* with 46,000 pulses on SAW resonators; (b) the frequency
response (amplitude of S, ) of SAW devices before and after wtOBP deposition; (c) the response curves for wtOBP-based
SAW biosensors and for an uncoated device upon exposure to different concentrations of carvone.

3. Multifunctional active and responsive biointerfaces

Most of the applications related to the biomedical field imply the use of well-controlled biocom-
patible biointerfaces for medical implants, drug delivery, and lab-on-a-chip devices. Although
bulk characteristics of materials are important, due to the direct contact and interaction with
the bioenvironment, the surface characteristics, that is, its physical and chemical modification,
are directly responsible for its biological outcome and response (e.g., cells ingrowth, protein
adsorption, etc.). Therefore, the surface engineering and modifications of the materials used
for such applications must take into consideration specific characteristics such as cytocompat-
ibility, mechanical and chemical properties, adhesion with the substrate, controlled morphol-
ogy and roughness, the feasibility of working with various materials using the same technique,
behavior under physiological medium for short and long periods of time, and corrosion.
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The ability to deposit or transfer both small and complex, large molecular-mass organic com-
pounds with no or minimum photo-thermal decomposition and preservation of the chemical
structure and functionality makes MAPLE an ideal technique to functionalize any type of 2D
or 3D surfaces.

It was shown that MAPLE was used not only for obtaining one element coatings (e.g.,
nanoparticles, proteins, and polymers), but also as a single-step process for various coat-
ings embedding drugs, natural proteins within biodegradable polymeric matrices for
bone-related or antitumoral coatings. For example, MAPLE was successfully used for the
deposition of hybrid and complex coatings such as multi layers composed of natural and
synthetic compounds, for example lactoferrin (Lf), hydroxyapatite nanoparticles (HA), bio-
degradable polymer (polyethylene glycol-co-polycaprolactone methyl ether (PEG-PCL Me))
[30-34].

Therefore, by combining various specific characteristics of the compounds of interest with the
laser parameters in order to tune the interface characteristics of a bio surface, the potential of
MAPLE for surface modification and engineering is of crucial importance.

4. Coatings for orthopedic applications

Nowadays, smart devices unifying multiple functionalities, with a high level of integration
in a patient body, are the future targets in the medical implant field. The challenges in the
medium- and long-term clinical use and performance of orthopedic metallic implants are
considering the tailoring and improvement of traditional implant engineering materials, and
are related to stable anchorage in the bone tissue by rapid osseointegration and low inflam-
matory response. Therefore, multifunctional hybrid smart coatings having bone-matching
properties, combined osseo-inductive, osseo-conductive and infection-preventing abilities,
low inflammatory response as well as highly adhesion on the substrate surface and flexibil-
ity in tailoring the composition, appropriate surface chemistry, and architecture are highly
desirable.

MAPLE is crucial for the realization of joining process between metallic alloy substrate
and the biomimetic coatings as it confers high adhesion, thickness, and morphology con-
trol. Obtaining of optimal performance of the multifunctional biomimetic coatings (bioactive
layers mimicking the bone bio mineralization process and which jointly mimic the biologi-
cal osseo-integration processes, bone bonding, and prevent infections, having a controlled
release of bioactive factor) was approached by combining the specific properties of the differ-
ent compounds:

- Biodegradable and bioresorbable copolymer PEG-PCL-Me, as multifunctional coating and
matrix for embedding bioactive factor, is mainly used as protein repellent; bone bonding
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polymer for better adhesion to metallic implant substrate; matrix for entrapping and con-
trolled release of bone induction factors/bioactive factors.

- HA for osteogenic potential and for improving mechanical properties of the coating;

- Lactoferrin, as natural protein with antibacterial properties and rich chemistry for mini-
mizing host inflammatory reactivity. In addition, it can be used as bone induction regulator,
maintenance, and repair and for further binding of active factors and as bone growth factor
by promoting proliferation, differentiation, and survival of osteoblasts.

Although the mentioned materials have distinctive chemistry and characteristics, the real-
ization of joins between them, as heterostructures or composites and hybrids, is possible by
applying a modified MAPLE technique as shown in Figure 7.

The high potential of the MAPLE technique in embedding multiple bioactive factors, into a
biodegradable synthetic polymeric thin film (PEG-PCL Me) in a single step and under vac-
uum conditions, with minimum influence of solvents or deposition conditions on the func-
tionality of Lf or HA, is the main reason for choosing it as flexible method for a controlled
functionalization of implant surface in terms of quality, quantity, and morphology for pro-
moting survival, proliferation, and differentiation of murine MC3T3-E1 pre-osteoblasts. The
initial attachment of cells to the biomaterial is dependent on surface properties, and detectable
changes in cell shape and cytoskeleton organization were remarked, as shown in Figure 8
(after 2 h) and Figure 9 (after 24 h).

In vitro biological assessment of all analyzed biomaterials indicated that they differentially
promoted cell adhesion and proliferation and supported different degrees of extracellular
matrix mineralization with improved initial bioresponse for the PEG-PCL-Me-HA.

Vacuum
ghambat

Laser beaey

syatem with
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Figure 7. Experimental setup (a) and target modification (b) from [34].
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Figure 8. Early biological response of MC3T3-E1 cells to the analyzed biomaterials: The ability of pre-osteoblasts to
adhere on the analyzed substrates after 2 h of culture. Scale bar is 20 pm in all images.
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Figure 9. Cellular morphological features at 24 h post-seeding. Scale bar is 20 um in all images.
5. Biodegradable and non-biodegradable coatings as antitumoral systems

The use of bio platforms for the short- and long-term study of the cancer cells exposed to vari-
ous drugs represents one research direction of interest. Given the fact that tumoral cell lines
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(h)

Figure 10. Proliferation and adhesion of B16-F10 melanoma cells after 24 h, onto different substrates: PCL (a, e), PCL_Cis
(b, f), PCL_Apo-rLf (c, g), and PCL_Apo-rLf_Cis (d, h). Inmune-fluorescence microscopy reveals Ki67 for proliferation
and actin filaments for adhesion. Scale bar is 200 um (a-d) and 50 pm (e-h). (adopted from [28].).

such as malignant melanoma are resistant to most of the chemotherapeutic agents, finding
an optimal solution by synergetic effect of drugs with natural proteins is a requirement. In
addition to resistance to the chemotherapeutic effect, drugs such as cisplatin (Cis) can induce
a nephrotoxic effect on cells. By using both recombinant iron-free lactoferrin [(Apo-rLf)] and
Cis embedded within a biodegradable polycaprolactone coating, the effect on the murine mel-
anoma B16-F10 cells’” morphology and proliferation was investigated revealing a decreased
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viability and proliferation, in the case of melanoma cells cultured on both Apo-rLf and Cis
thin films (Figure 10).

Furthermore, since its initial synthesis, the temperature-responsive surfaces of poly
(N-isopropylacrylamide) (pNIPAM) were studied for biomedical applications related to sen-
sors, drug delivery, or tissue engineering applications [35, 36].

For example, MAPLE was used to demonstrate that pNIPAM coatings could be tailored in
terms of thickness and roughness as thermo-responsive surfaces for 1L929 fibroblast cell line
adhesion and single-cell detachment studies. It was found that the cells did not change their
shape or viability, indicating that the control of cell attachment-detachment by changing tem-
perature is a reversible and reproducible process [37].

By combining pNIPAM with dacarbazine drug, the effect on HT29 tumoral cell line was evalu-
ated. There were no restraining in cell development on the PNIPAM coatings while embedding
dacarbazine led to significant changes in both cellular numbers and shape Figures 11 and 12.

By laser surface engineering and/or functionalization, a wide range of structural, chemi-
cal, and morphological characteristics could be achieved, with optimization steps applied

50 pum

Figure 11. SEM images of HT29 cells onto the pNIPAM coatings obtained by MAPLE at 36,000 pulses and 400 m]J/cm?
laser fluence.

50 pum £ 30 pm

Figure 12. SEM images of HT29 cells onto the pNIPAM-dacarbazine coatings obtained by MAPLE at 36,000 pulses and
400 mJ/cm? laser fluence.



Matrix-Assisted Pulsed Laser Evaporation of Organic Thin Films: Applications in Biology...
http://dx.doi.org/10.5772/intechopen.70676

accordingly to the specific application. Therefore, a scientific interdisciplinary approach
involving the “synthesis” of new materials, analysis, and correlation of the materials bulk
and interface characteristics to its bioenvironment represents a method to tackle the future of
bioengineering.

6. Conclusions

This chapter summarizes some applications and developments in the field of matrix-assisted
pulsed laser evaporation (MAPLE) of polymers and biomolecules, that is, protein thin film
deposition. The data shown suggest that MAPLE is a promising approach for depositing pro-
teins (lactoferrin, odorant-binding proteins) and polymers (polyisobutylene, polyethyleni-
mine, and polyepichlorohydrin) as thin films that can be utilized for the fabrication of novel
biosensors, or smart devices with multiple functionalities. Furthermore, one might combine
different specific characteristics of the compounds of interest with the laser processing param-
eters, and is therefore being able to tune the interface characteristics of a bio surface, thus
enhancing the potential of MAPLE for surface modification and engineering.

In addition, it has been shown that the deposition process of the polymer and protein materials
can be optimized by modifying the process parameters, that is, laser wavelength, laser fluence,
active material concentration in the target, etc. Considering the above-mentioned advantages
of the MAPLE technique on depositing materials with very high reproducibility, one could
envision that this approach could provide a new strategy to engineer and/or functionalize
new materials to be used for regenerative biomedicine, tissue engineering studies, medical
implants, or biosensors.Conflict of interestThe authors declare no competing interests.
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Abstract

Laser material processing has been demonstrated as an effective means for machining
almost every solid material. The quality of laser machining depends on the processing
parameters that dictate material ablation mechanisms. The understanding of the com-
plex physics associated with ultrashort pulsed laser (USPL) material interaction and
ablation has advanced significantly owing to a great many theoretical and experimental
studies in the past 20 years. To date, USPLs have been considered as a novel tool for
micro- and nano-machining of bulk or thin film materials and for internal modification
of transparent materials via multi-photon absorption in a tiny focal volume. Moreover,
USPL material processing is now gaining interest in other applications, such as in
sensors, electronics and medical device industries.

Keywords: pulsed laser, femtosecond laser, laser material ablation, two-temperature
model, LIPSS

1. Introduction

Since the first laser was invented in 1960, many different types of lasers have been developed due
to rapidly increasing areas of applications. In the selection of a laser for a particular application,
the following parameters are usually considered: pulse duration, wavelength, fluence, pulse
repetition rate, beam uniformity and stability, bandwidth, weight and size of laser system,
lifetime and reliability, hardware design, and cost. Among them, the first five are more crucial
for material processing. Sufficient laser pulse energy and proper repetition rate (if a pulse laser is
selected) are needed for processing the material, wavelength that determines laser energy
absorption, and pulse duration that controls the heat affected zone. The interaction among the
above four effects, together with the beam quality, controls the material process quality.

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Ultrashort pulsed lasers (USPLs) are a particular class of lasers whose pulse duration (t,) is less
than a few picoseconds (ps). This classification is based on the fact that for most solids the time
to establish thermal equilibrium between electrons and phonons is of the order of picoseconds.
For a 100 femtoseconds (fs) and 0.1 ] laser pulse, for example, the peak power is one terawatt
(1.0 x 10'2 W). If the laser pulse is focused onto an area of 0.1 mm?, its peak intensity can reach
10" W/em?. In view of the extremely short pulse duration and high intensity, USPLs have been
explored and demonstrated great potential for a large variety of applications in physics,
chemistry, life science, materials, and engineering science in the past 20 years.

Ultrashort time and high peak power are the two unique features of USPLs such that a thin
layer of material can be ablated before the absorbed laser energy diffuses into the surrounding
bulk. Because of that, a material can be processed very precisely with minimal or even without
collateral damage. Such concepts and applications to micro/nano precision processing have
been demonstrated in laboratories since the mid-1990s. Furthermore, with the possibility of
reaching an extremely high intensity by focusing ultrashort pulses in a tiny volume or area,
multi-photon absorption is another niche that makes USPLs well suited for 3D micro and nano
processing and fabrication. The advantages of USPL material processing include: (i) high
precision [1, 2], (ii) minimal collateral damage, (iii) capability of processing practically any
material, (iv) 3D fabrication [3-5], and (v) a single step for creating different surface structures,
such as laser-induced periodic surface structures (LIPSS) [6]. Larger material removal rates
than those with conventional pulsed lasers by ultrafast bursts of pulses have also been
reported recently [7].

In this chapter, three areas of laser material processing are considered: (a) mechanisms of laser-
material interaction and ablation, (b) modeling of laser material ablation, and (c) applications.
For the mechanisms, the characteristic times of materials and the difference in material inter-
actions with long, short and ultrashort laser pulses are discussed. The modeling is limited to
laser-material interaction for metal and semiconductor materials, including ablation for metals
and damage for semiconductors. Examples of the USPL application focus on modification of
material properties below the surface of transparent materials and LIPSS for sensors, precision
molds, and medical devices.

2. Mechanisms of laser-material interaction and ablation

The mechanisms of laser-material interaction and ablation mainly depend on the characteristic
times and thermophysical properties of materials as well as laser parameters such as wave-
length, pulse duration and fluence. This section will focus on laser interactions with industrial
materials.

2.1. Laser interaction with metals

Laser irradiation to a metal solid is a two-step heating process [8]. The incident photons collide
with free electrons that are confined within the laser light propagation path. The absorbed
laser energy is then converted to kinetic energy of the excited electrons, allowing them to travel
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relatively long distance (tens or hundreds of nanometer (nm), depending on the materials)
before collisions with other electrons. This is referred to as ballistic electron transport in metals.
After the electron-electron collisions, their kinetic energy is spread among the electrons into the
Fermi-Dirac distribution. This phase is referred to as thermalization, and is completed in a few
tens of femtoseconds. The electron temperature (T,) is measureable at this time. Afterwards,
the electron thermal energy diffuses, through electrons, into a deeper part of the material. In
the meantime, a part of the electron thermal energy is transferred to lattice (phonons) through
electron-phonon collision. It takes few picoseconds (ps) for the excited phonons to become
thermalized so that the lattice temperature (T;) can be measured. The energy exchange
between the electrons and the lattice lasts for tens or hundreds of picoseconds, leading to
thermal equilibrium (T, = T;) between the two subsystems (electrons and lattice), then common
thermal diffusion drives the heat dissipation in the bulk.

During pulsed laser irradiation, since the heat capacity of electrons is about two orders of
magnitude lower than that of the metal lattice, the electron temperature can shoot up to a very
high temperature (e.g., 10°~10* K) while the lattice mainly remains in low temperature state.
Hence, the electron and lattice temperatures can be quite different before thermal equilibrium
is established. This two-step heating is particularly true for laser pulses that are shorter than
100 ps [8, 9]. Figure 1 shows the time histories of the calculated electron and lattice tempera-
tures at the irradiated surface of a copper foil by a single femtosecond laser pulse (duration
120 fs, wavelength 800 nm) of two fluences (0.5 J/cm? and 3.0 J/cm?). The smooth evolutions of
both T, and T, with the time shown in the case of a laser fluence of 0.5 J/cm? are the same as
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Figure 1. Calculated electron and lattice temperatures as functions of time.
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most simulation results of USPL heating reported previously. For heating by nanosecond (ns)
or longer laser pulses, since the characteristic times of energy transfer between the excited
electrons and lattice are much shorter than the laser pulse duration, thermal equilibrium
between the two subsystems is nearly established while lasing. This is particularly true for
laser pulses longer than 10 ns [10]. Therefore, one-step heating (T, = T)) is usually considered
for the case of conventional, long-pulse laser heating.

2.2. Laser ablation of metals

The laser energy is primarily deposited within the optical penetration depth (a few tens of nm
for metals) with an exponential decay. Because the penetration depth is so shallow, the gradi-
ent of the induced electron temperature during and shortly after USPL irradiation can be
immense. This non-uniform electron temperature can generate a considerably large hot-
electron blast force that could cause severe deformation in the cold lattice [9-12]. The non-
uniform lattice temperature that develops later is another cause for the ultrafast deformation.
Due to the small size of the affected thermal zone, the gradient of lattice temperature could be
very sharp. As a result, severe thermal stresses are induced in the lattice. In the case of a
relatively low laser fluence, the hot-electron blast force and thermal stress are the vital power
that destroys the bulk material underneath the irradiated surface before the thermal energy is
significantly conducted into the bulk [11, 13]. For high laser fluences, the lattice, on the other
hand, can be superheated and subsequently undergo a metastable phase transformation from
solid to liquid and then, further to vapor if the fluence is sufficiently high [14-17].

Using a simple criteria for material removal, Momma et al. [2] and Nolte et al. [18] deduced
two well-known logarithmic functions for the USPL material ablation depth: 8 =nin(,/ F};))

for low fluences and & = {In(F,,/ F;) for high fluences, where 1) is the optical penetration depth;

C is the effective electron heat diffusion length; F, is the laser fluence; and EE and th are the

ablation threshold for low and high laser fluences, respectively. The failure of these two simple
functions to describe the ablation rate for higher fluences [19] suggests that more mechanisms
may be involved in the ablation process.

For USPL heating at laser fluences slightly exceeding the ablation threshold, only a thin layer
of material is ablated by a single pulse due to the effects of the hot-electron blast and/or
thermal expansion. Material ablation can take place during the lasing or after the laser pulse
is off but before the next pulse arrives. When the material is removed, its associated thermal
energy is also eradicated. Because very little or no molten liquid remains in the bulk material,
hydrodynamic motion is negligible or never even occurs. As a result of a very thin layer
ablated with little or no thermal damage to the bulk material by each laser pulse, the hole or
crater resulting from this non-thermal ablation process can be very clean and precise [2].

Although non-thermal ablation can precisely process materials with minimal damage, it suf-
fers from its very slow processing due to insufficient laser energy. This, therefore, creates a
need for developing a more efficient means of processing. One potential approach to efficiently
process a material target, for example, is to use a laser beam that irradiates high-fluence pulses
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(for high ablation rate) and then, is followed by relatively low-fluence pulses (for high preci-
sion). One can consider the low-fluence finishing as an “integrated” processing step, which
results in high quality without the need for a separate post-processing. Figure 2 shows the
excellent quality of a hole produced by a femtosecond laser beam of 120 fs and 800 nm with
low-fluence finishing.

For laser fluences well exceeding the ablation threshold, non-thermal ablation only occurs in
the early time of the USPL heating [11]. Because the lattice temperature rises so drastically, the
irradiated material rapidly undergoes phase transformation. Due to the fact that time is too
short to allow necessary heterogeneous nuclei to form, the melted material is unable to boil [14,
20]. Instead, it is superheated past the normal boiling point to more or less the thermodynamic
equilibrium critical temperature (T;.). At that state, the tensile strength of the superheated
liquid falls to zero and fluctuation in volume becomes dramatic, leading to a tremendous
number of homogeneous nuclei being formed. As a result of the bubbles formed at such an
extremely high rate, the subsurface layer of metastable liquid relaxes explosively into a mix-
ture of vapor and equilibrium liquid droplets, which are immediately ejected from the bulk
material. This thermal ablation mechanism is referred to as phase explosion. The phase explo-
sion and material removal of metals caused by nanosecond [15] and USPL [16, 17, 21-23]
heating have widely been investigated experimentally and theoretically. However, most stud-
ies investigated the thermal ablation within a low laser fluence regime (e.g., <10 J/cm?), and a
high laser fluence regime was rarely investigated.

As discussed above, high stress (non-thermal) and phase explosion (thermal) are the two main
mechanisms for metal ablation. Non-thermal ablation provides a precision controllability
which is crucial to micro- and nano-scale material processing. Another advantage is that little
or no post processing is needed. Therefore, USPLs with a fluence slightly exceeding the
ablation threshold are a good choice for microfabrication for which precision and small sizes
are required. On the other hand, USPLs with fluences well beyond the ablation threshold may
not offer an advantage for precise material processing due to the strong thermal (superheating
and bubble forming) and mechanical (fluid ejection) effects that accompany them. However,
there could be a trade-off between precision and efficiency of laser material processing [18].

Low-fluence r|r'|.~'_,'l'||."|-g

Figure 2. Drilling of aluminum by a femtosecond laser beam of 120 fs and 800 nm with low-fluence finishing.
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The LIPSS created on a metal surface by multiple ultrashort laser pulses with a fluence near the
ablation threshold are another interesting result of laser matter interaction [6]. Formation of
micro- and nano-sized periodic ripples and column arrays are dependent on the number of laser
pulses, pulse duration, fluence, wavelength, radiation polarization, and the ambient conditions.
The formation of periodic-like surface structures on metal can be attributed to the interference
between an incident femtosecond laser beam and the surface scattered wave [24-27].

2.3. Laser interaction with semiconductor and dielectric materials

The difference between semiconductor and dielectric materials is the number of free electrons
in the conduction band. When a semiconductor or dielectric material is irradiated by a laser,
the electrons in the valence band absorb the photon energy and then transit to the conduction
band via single- or multi-photon absorption, depending on the photon energy (hv, where / is
the Planck constant and v is the laser-light frequency) and the band-gap energy (E,) of the
material. The interband transition of the electrons creates holes in the valence band. The excess
energy of the created electron-hole pairs, khv — E, (k =1 for single-photon absorption and k> 1
for k-photon absorption), is the kinetic energy of the excited carriers that determines the carrier
temperature. As the electrons and holes undergo temporal and spatial evolution, some of them
recombine, for example, through the three-body Auger process. Meanwhile, additional
electron-hole pairs could be generated via impact ionization from those free carriers with
kinetic energy that is equal to or greater than the band gap. The excited electron-hole pairs
thermalize to the Fermi-Dirac distribution via carrier-carrier collisions on a <100 fs timescale
after photon absorption. In the meantime, thermalization between the carriers and phonons
proceeds until the thermal equilibrium state is inevitably established.

2.4. Laser ablation of semiconductor and dielectric materials

Three main factors that affect damage and ablation of semiconductor and dielectric materials
by lasers are: (a) free-electron density, (b) free-electron kinetic energy, and (c) carrier and
phonon temperature. Increasing of the carrier and phonon temperature leads to the hot-
electron blast force, thermal expansion, superheating, and phase explosion that are basically
the same as those in metal materials described previously.

At the very beginning of USPL excitation, the density rise of the electron-hole pairs generated
grows exponentially after a very short transient [28]. Depending on the peak laser intensity, for
example, 12 TW/cm?, this could result in a high density (10*'~10** cm ) of the electron-hole
pairs. When the kinetic energy of an excited electron exceeds the surface barrier and the
momentum component normal to the surface of the material is positive, the excited electrons
can escape from the irradiated material into the surrounding air or vacuum. Consequently, the
irradiated surface gains highly positive charges, leading to a repulsive force. If the repulsion
force between ions is greater than the lattice binding strength, the atomic bonds are broken
and a subsurface layer of the material is disintegrated. Damage and removal of material by
this repulsive force is referred to as Coulomb explosion [29]. This ablation mechanism is
non-thermal because Coulomb explosion occurs prior to significant heating of the phonon
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subsystem. Like the non-thermal ablation in metals, this is the mechanism that can lead to high
precision in processing semiconductor or dielectric materials with USPLs.

It is quite natural to use focused USPLs for 3D micromachining of semiconductor and dielec-
tric materials because of their extremely high peak intensity. With the advantages of superior
localization and great optical penetration depth (longer laser wavelength), multi-photon
absorption, in general, is a better mechanism for 3D micromachining, especially for processing
inside bulk material. One-photon absorption may only be suitable for surface processing due
to linear absorption and smaller penetration depth (shorter laser wavelength).

When a USPL beam is tightly focused inside a transparent material, multi-photon ionization,
tunneling ionization, and avalanche ionization could occur in the focal volume. Like metals,
the excited electrons transfer their energy to the ions via collision. With some time delay, the
electrons and ions eventually reach thermal equilibrium. When the laser intensity is below a
certain threshold, electrons recombine with holes in a non-radiative way. For laser intensities
exceeding the certain level (referred to as plasma threshold), a plasma spark, resulting from the
recombination of high-density electron plasma with holes, can be observed. The spark is
associated with an optical breakdown of the transparent materials, having a characteristic
duration of the order of 10 ns. After recombination, the thermal energy diffuses away from
the focal volume on a microsecond timescale. At even higher intensities, laser-induced perma-
nent modification of material properties is observed [4]. If the laser intensity is above the
modification threshold, the hot electron-hole plasma and ions explosively expand from the
focal volume into the surrounding material.

With tight focusing of ultrashort laser pulses, different kinds of permanent structure changes
in a transparent material can be made by adjusting the incident pulse energy, in principle.
Fabrication/machining/processing can be performed on the surface or within the bulk of the
material by moving the laser focus along the desired paths. More detailed information can be
found in the papers cited in the review paper [30].

3. Modeling of laser material ablation

In this section, we focus on two-step heating models for ultrafast thermal transport, ablation
models for metals, and damage models for semiconductor materials.

3.1. Two-temperature model for metals

The two-temperature (2T) model was pioneered by Anisimov et al. [31] in 1974 to describe a
two-step heating process of metals subjected to short-pulse laser irradiation. It was not until
the early 1990s that USPL material interactions received considerable attention. Since then,
numerous modified versions of 2T have been proposed [9, 32]. Based on the Boltzmann
transport approximation, a semi-classical 2T model is derived for the dynamics of electron
concentration (1), mean (drift) velocity (v,), and average energy for metal materials [9]:

197



198

Laser Ablation - From Fundamentals to Applications

E+V~(nﬁe):0 (1)
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In the above equations, m, is the electron mass, Q is the heat flux vector in the electron
subsystem, kg is the Boltzmann constant, ¢ is the electron charge, i, represents the mobility of
the electrons, {3, is the temperature-dependent parameter for free electrons, C, is the heat
capacity of the electron, G represents the electron-phonon coupling factor, S is the volumetric
laser heat source, and v is the divergence operator. Since the electron relaxation time of metals

is around ten femtoseconds, the constitutive relation for 0, and 7, is given by [32]:

+0, =-K. VI, (4)

where T, is the electron relaxation time (the mean time for electrons to change their states), and
K, is the electron thermal conductivity.

For the lattice subsystem, the thermal transport equation includes an energy exchange with the
electrons and a thermal relaxation effect in a general case [33]:

a1,
—f=-V-0+6(T-T) (5)
L7 @ + QI -K,VT, (6)

In Egs. (5) and (6), Q is the heat flux vector in the lattice, 1; is the relaxation time in phonon

collisions, and C; and K; are the heat capacity and thermal conductivity of lattice, respectively.

By neglecting the electron drift velocity, energy equation (3) is simplified to:
C===-V-0 -G(T-T)+S (7)

Thus, the semi-classical 2T model, seen in Eqgs. (1)—(6), is reduced to the dual-hyperbolic 2T
model (HH2T) [33].

For pure metals, K; is much smaller than K,. The hyperbolic 2T model (H2T) [32] can be
retrieved from the HH2T model by neglecting the heat conduction in the lattice, i.e., V-0, =0

in Eq. (5). Further neglecting the electron relaxation effect in the H2T model leads to the
parabolic 2T model (P2T) [8, 34].
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After the thermal equilibrium, 7, =7, =T, 0,+0,=0,C,+C,=C,and K, + K, = K. Com-
bining Egs. (5) and (7) yields the macroscopic energy balance equation:

oT —

Co =-V-0+5 (8)
The above energy equation (8) together with Fourier's heat conduction law is a well-known,
parabolic one-temperature heat conduction model (P1T). When the Cattaneo equation [35] is
considered, the result becomes a hyperbolic (thermal wave) one-temperature model (H1T).
The above 1T models represent one-step heating and have been widely used for long-pulse
laser heating since the electrons and lattice are assumed to be in thermal equilibrium instanta-
neously when a medium is heated.

The thermophysical properties, C, K and G, control thermal response in laser-irradiated mate-
rial. The expressions for these three thermophysical properties can be found in Refs. [10, 36].
Recently, Lin et al. [37] presented data C, and G for different metals over a wide range of
electron temperatures from room temperature to 5 x 10* K. A formula for K, up to Fermi
temperature was given by Anisimov and Rethfeld [38].

The mechanical stresses caused by the hot-electron blast force and the thermal stresses induced
by non-uniform temperatures in the lattice can be solved by the equation of motion of lattice:
o’u, 2

P15 =% +§(CP,T@),,- 9)
where u; (i = x, ¥, and z) is the displacement vector of a material (lattice) point, o;; is the stress
tensor at the point, and the subscript “,” denotes the spatial derivative. The last term on the
right-hand side of Eq. (9) is the hot-electron blast force. The thermal strains resulting from a
non-uniform lattice temperature are included in the stress-strain relations. The deformation
can be linearly elastic or non-linearly plastic.

The exchange of thermal and mechanical energy should not be neglected due to the extremely
high strain rate (~10° s~ '). Thus, the energy equation of lattice, Eq. (5), is re-written as:

6% G Gl1,~T)-Ghr 2wy

10
ot ot (10)

where ), is the Lamé constant, 1 is the shear modulus, ¢ is the thermal expansion coefficient, and
€k (= V-u ) is the volume dilatation. In addition, the strain rate effects on plastic deformation and

failure could be substantial, and the existing stress-strain relations and fracture strength may be
insufficient for ultrafast deformation. To accurately predict non-thermal material ablation by
stresses, the strain rate effects on material behavior should be investigated further and quantified.

3.2. Laser heat source

The most popular laser beams are Gaussian in both space and time. For simplicity, let us
consider an incident laser beam that is normal to the material target. The volumetric laser heat
source S in Egs. (3) and (7) is given as [39]:
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S(r,z;t) :E%a(r, z;t)exp| — Z(FL)2 - j[owlz —B(t_t—mt”)2 (11)

0 P

where 7 is the radial distance from the center of the beam, z is the coordinate in the direction of
laser beam propagation, F, = J, /(nr, /2) with J, denoting the pulse energy, r, being the beam
radius defined at the e distance, R(r, 0; t) is the surface reflectivity of the material, a is the
absorptivity coefficient, t, is the full width half maximum (FWHM) of the Gaussian temporal
pulse, m is an integer, and = 4In(2). The lasing, assumed to start at t = 0, reaches its peak
power at t =mt,, and ends at t = 2mt,. The value of m can be set at 2 or 3 since the laser energy
outside this period of time is inconsequential. If the effects of the hot electrons ballistic motion
[40] are taken into account, the laser heat source is modified to:

- [Bli-RC-0:0)]F, ! e e
S(F’Z’t)_\/; t S(r,z;t)+ 8, (r,z;t) P z(r") J.6+8,)dz A t ) (12)

0

13 P

where 8 =1/a is the temperature-dependent optical penetration depth and 9, is the ballistic
electron penetration depth. The temperature-dependent optical properties, R and «a, in
Egs. (11) and (12) can be determined from optical properties and the Fresnel function.

Recently, an extended Drude model [41] was proposed to characterize the temperature-
dependent R and a, and a critical point model with three Lorentzian terms for interband
transition [42] for copper. The numerical results show that when a metal is irradiated by a
USPL at high fluence, the dynamic changes of R and a during the laser irradiation could
significantly alter laser energy absorption and the distribution of laser heat density. Although
it is only true for low electron temperatures, the constant R and a at room temperature have
been widely employed in 2T modeling. In this case, the integral term becomes a constant, z/0 in
Eq. (11) and z/(6 + §,) in Eq. (12).

3.3. Comparison of different thermal models

Figure 3 compares the predictions of four thermal models, HH2T, H2T, H1T, and P1T, for
lattice temperatures at the front surface of a 200 nm gold film heated by a laser pulse of
F, = 0.5 J/em? and t, =100 ps and 1 ns [10]. Evidently, both of the one-temperature models
significantly overestimated the bulk temperature for the 100 ps pulse; hence, they are inade-
quate for simulating USPLs heating. The results, shown in Figure 3(b), confirm that the Fourier
heat conduction model is sufficient for long-pulse laser heating. In fact, the difference among
the four models becomes indistinct for a 10 ns laser pulse [10].

3.4. Ablation models for metals

The 2T models discussed above only characterize thermal transport in a solid metal. For
material ablation, other physical processes such as phase transitions and material removal
need to be considered. Different approaches have been proposed to simulate laser material
ablation, including ultrafast thermoelasticity [11], dynamics of thermal ablation [17], hydrody-
namic modeling [43], molecular dynamics [22], etc. Although those numerical analyses [17]
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Figure 3. Comparison of the four thermal model predictions for lattice temperature at the front surface of a 200 nm gold
film heated by a laser pulse of F, = 0.5 J/cm” and (a) #, = 100 ps and (b) t, = 1 ns. Reproduced with permission from
publisher [10].

show a certain degree of success in comparison with experimental measurements, none of the
aforementioned models have been validated thoroughly with experimental data for USPL
ablation over a wide pulse duration and fluence.

A comprehensive USPL ablation model is needed to be able to accurately describe the entire
ablation process and predict the ablation depth and rate. It should be developed based on
universal regulations and methods that allow for the description of non-equilibrium
responses and cover the complex physical phenomena for the entire laser process. Such
phenomena include photon-electron interaction, laser-pulse propagation and ionization,
phase transitions, superheating through a metastable liquid phase, rapid nuclei formation,
explosion and dynamics of homogeneous nuclei (bubbles), generation of recoil pressure,
hydrodynamic motion, formation and dynamics of the plasma plume, laser-plasma interac-
tion, radiation from the resulting plasmas, condensation and re-solidification of the liquid/
vapor, etc.

To accurately simulate thermal ablation by USPLs, a semi-classical 2T model integrated with
models of phase transformations for ultrafast melting, evaporation and re-solidification and a
phase explosion model for ejection of metastable liquid and vapor was attempted recently [44].
When superheated liquid temperature reaches 0.9T,, phase explosion is assumed to take place
[20] and that material, including both electrons and lattice, is then removed under the assump-
tion of phase explosion. Once phase explosion no longer occurs, vaporization could continue
until the lattice temperature drops significantly. Figure 4 shows the time history of the ablation
depth for copper foil irradiated by a single femtosecond laser pulse (duration 120 fs, wave-
length 800 nm) of different fluences. The steep occurrences of material ablation result mainly
from phase explosion, while the sloping parts result from vaporization. As shown in Figure 4
(b) for the case of laser fluence 6.1 J/cm?, the ablation depth by phase explosion and vaporiza-
tion are 258.4 nm (up to 310 ps) and 5.9 nm (from 310 to 600 ps), respectively. The results
shown here indicate that for high fluences, phase explosion is the dominating material ablation
mechanism in USPL material ablation. It is noted that this ablation model is not yet fully
comprehensive.
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Figure 4. (a) Time histories of the ablation depths of a copper foil by a single femtosecond laser pulse (duration 120 fs,
wavelength 800 nm) of different fluences, (b) magnification of the fluence case of 6.1 J/cm?. Reproduced with permission
from publisher [45].

3.5. Ultrafast transport dynamics models for semiconductors

To model the transport process of a large number of hot electrons, holes, and phonons in a
semiconductor, the formalism must be based on the principle of statistical mechanics. A self-
consistent model for transport dynamics in semiconductors caused by USPL heating can be
found in [46]. Based on the relaxation-time approximation of the Boltzmann equation, the rate
equations are derived for the dynamics of electron-hole carrier number density and current,
ambipolar energy current, carrier energy, and lattice energy.

3.5.1. Rate equation for carrier pairs

The balance equation for the electron-hole pairs number density generated by a laser pulse for
two-photon absorption is:

2
n_Bleen) BLOD s o )
ot hv 2hv

where 3, is the avalanche coefficient, {3, is the 2-photon absorption coefficient, y is the Auger
recombination coefficient, 0 is the impact ionization coefficient, and | is the carrier current. The
magnitude of B; is much greater than that of 3 (k > 1). For silicon at room temperature, for
instance, By = 1.0 % 10% em™" and B2 = 20 x 107% em/W  The last three terms on the right-hand
side of Eq. (13) represent Auger recombination, impact ionization, and the loss due to carrier
current, respectively. The Auger recombination is described as the time when an electron-hole
pair recombines, giving up its energy to a third electron in the conduction band; this reduces
the carrier number density. The reverse effect is impact ionization. Due to the nonlinearity
nature (I), multi-photon absorption could be more efficient and occur faster than single-
photon absorption when laser intensities are sufficiently high.
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3.5.2. Rate equation for carrier energy

The balance equation for the electron-hole pairs energy produced by a laser pulse for two-
photon absorption is:
C oL,

e-h 6[
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where C_, is the heat capacity of electron-hole pairs, @ is the free carrier absorption cross-
section, and W is the ambipolar energy current which is the sum of the carrier energy currents
in electrons and holes.

3.5.3. Rate equation for lattice energy

For semiconductor materials the thermal conductivity of the lattice is comparable with the
bulk value. It is necessary to consider the thermal transfer in the lattice. The lattice energy rate
is expressed as:

oT, C

C—=V-\kVT )+—(T -T,
o=V VT )+ =T - T) (15)

The three rate equations (13)—(15), together with the constitutive equations for the carrier pair
current and the ambipolar energy current [46], compose a complete self-consistent model for
ultrafast transport dynamics in semiconductors subjected to USPL irradiation.

Figure 5 shows the time histories of the density and temperature of carriers and the lattice
temperature at the incident surface of a silicon sample irradiated by a 500 fs laser pulse with
fluence 0.005 J/cm? [46]. The peak laser power is at t = 1.5 ps (m = 3). As shown in Figure 5, the
carrier temperature reaches its maximum at about 0.68 ps and the number density reaches its
maximum at about 2.21 ps. It should be noted that when the peak carrier temperature occurs,
the laser power is only at about 0.06% of its maximum. The contradictory intuition of this high
temperature is attributed to a very small amount of electron-hole pairs that are created during
this early time. Consequently, the carrier heat capacity is very small, thereby leading to a rapid,
noticeable rise in the carrier temperature although the net carrier thermal energy is quite low.
As time is prolonged, the carrier density increases drastically since much more laser energy
has been absorbed. As a result, the carrier heat capacity becomes greater and greater. Mean-
while, the energy loss, due to the change in carrier energy density (the second last term on the
right hand side of Eq. (14)), becomes pronounced, and so does the loss due to thermal transfer
from the carriers to the lattice. Those changes make the rate of change of the net energy unable
to remain positive at some point and thereafter, even though considerable laser energy is
absorbed. This explains why the carrier temperature quickly reaches its peak very early in the
laser irradiation and then falls. The numerical result in Ref. [46] also shows that one-photon
absorption and Auger recombination are two crucial factors that alter the carrier's number
density.
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Figure 5. Time evolution of carrier density (1), carrier temperature (T,), and lattice temperature (T)) at the front surface of a
20 pm silicon sample heated by a 500 fs, 775 nm, 0.005 J/cm? laser pulse. Reproduced with permission from publisher [46].

3.6. Damage models for semiconductors

For pulse durations longer than the carrier-lattice energy relaxation time (a few picoseconds),
it has generally been accepted that the solid-liquid phase transition by high laser fluences is a
thermal (melting) process. On the other hand, experiments with femtosecond laser pulses of
high fluence have demonstrated an ultrafast phase transformation on a subpicosecond time
scale. The mechanism of this ultrafast phase transformation is nonthermal melting, differing
from the above thermal melting.

Among the continuum models, there are two approaches that are frequently used in evalua-
tion of the damage threshold for semiconductor materials. One approach employs a single rate
equation to evaluate electron density in the conduction band [47]. The equation includes
ionization rates for single and multi-photon absorption, avalanche ionization, and other relax-
ation terms. Damage is assumed when the calculated electron density exceeds a critical value,
which is often determined semi-empirically by matching with the experimental data. In most
cases, the critical value used differs from that of the critical density of electron-hole plasma that
makes the plasma opaque (optical breakdown). The other approach uses a self-consistent
model in which the rate equation for the carrier number density is coupled to the energy
balance equations for both the carriers and phonons [46]. The onset of damage is determined
by which condition, carrier number density, or lattice temperature is first met. Figure 6 shows
the comparison between the theoretical damage fluence thresholds with measured values for
Si[9, 21]. It appears that the self-consistent model agrees fairly well with the experimental data
for laser pulse durations up to several picoseconds; on the other hand, the carrier density
model is only in good agreement for laser pulse durations of subpicoseconds [46]. In view of
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Figure 6. Theoretical and experimental damage thresholds versus laser pulse duration for Si. Reproduced with permis-
sion from publisher [46].

both approaches failing to predict the damage fluence thresholds for longer laser pulses, a
more robust model or approach is suggested.

Modeling of the non-thermal ablation of semiconductor materials via Coulomb explosion can
be found in the study by Stoian et al. [29]. On the other hand, a comprehensive modeling of
thermal ablation via phase explosion, to the authors' knowledge, has not yet been reported in
open literature.

4. Applications

As aforementioned, the great applications of USPLs are attributed to two unique features:
ultrashort pulse duration and extremely high intensity. The benefits of USPL material
processing include high precision with a minimal heat affected zone, the ability to locally
modify below the surface of transparent materials, the single step for creating different surface
structures, etc. A great number of applications of USPLs have been proposed, for example, to
industrial technologies and bio/medicine [48, 49]. Recently, applications of LIPSS have been of
particular interest.

The ability to locally modify material properties below the surface of transparent materials is
an important area of USPL application. One interesting example is the repair of a packaged.

TFT-LCD panel. In this repair, a femtosecond laser beam passes through the polarizer, glass
substrate, and then, focuses on the color filter (color photoresist) corresponding to the hot
pixels such that the phenomenon of nonlinear multi-photon absorption can be induced within
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Figure 7. A red color filter after laser repair: (a) image focused at the photoresist and (b) image focused at the polarizer.

the localized area. Then, the property of the color photoresist layer is changed. The hot pixels
become dead pixels, and any defective pixels inside the panel of the packaged LCD can be
repaired directly. Figure 7 shows a red colored filter after laser repair. The image is captured
from different focal positions. As shown in Figure 7(a), the red colored filter (marked by an
arrow) has been blackened. In Figure 7(b), however, the polarizer corresponding to the red
colored filter (marked by an arrow) is not damaged after laser irradiation. Accordingly, the
defective pixel is eliminated by the transformation of the bright one into a dark one.

LIPSS by USPLs allows for a new range of functionalized surface processing that permits novel
applications for sensors, medical devices, precision molds, etc. For sensor applications, fabri-
cation of Ag nanostructure-covered surface structures can be used for surface-enhanced
Raman scattering (SERS) application. The SERS intensities of thodamine 6G (R6G) at LIPSS-
treated Ag substrates are 15 times greater than those at non-treated Ag substrates [50].

For medical devices applications, LIPSS by USPLs can be employed to fabricate electrosurgical
blades [51, 52]. The average temperatures of tissue cut by conventional and LIPSS-treated
electrosurgical blades are 145°C and 116°C, respectively. This corresponds to an improvement
of about 29°C in temperature. As a result, there is less damage to tissue that is cut by the
proposed electrosurgical blade.

LIPSS by USPLs is also employed to fabricate medical stainless steel [53]. As shown in Figure 8,
the attachment assay with 72 h in a NIH3T3 culture demonstrates that significantly more cells
are attached to the LIPSS-treated sample. This means that the cells spread over the treated
surface more rapidly than over the non-treated surface. LIPSS-treated stainless steel is believed
to possess better biocompatibility than stainless steel without surface modification.

For precision mold applications, for example, LIPSS by USPLs can be employed to fabricate
structured molds and fast replication of large-area hierarchical micro/nano structures (lotus-
leaf-like patterns) on a plastic part by injection molding [54]. Compared with an ordinary
plastic surface, the contact angle of the structured plastic parts is increased by 38%, from
97 to 134°.
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(b)

(d)

Figure 8. SEM images of an NIH3T3 cell after being in culture for 72 h: (a) control sample, (b) LIPSS-treated sample, (c)
magnification of (a), and (d) magnification of (b). Reproduced with permission from publisher [53].

5. Conclusion

In reviewing laser micro- and nano-structuring of materials through pulse laser ablation, three
main areas have been covered, including laser system development, experimentation and
modeling, and applications. In this single chapter, we focused on laser material ablation
mechanisms, modeling, and some applications of material properties modification and LIPSS
that have been developed or demonstrated. Four areas in the modeling of laser matter interac-
tion have been presented, including temperature response with temperature-dependent mate-
rial properties and optical properties, ablation models for metals, ultrafast transport dynamics
models for semiconductors, and damage models for semiconductors. Understanding the
mechanisms and modeling of laser material interaction with materials can provide an insight
for optimizing the processing parameters for precisely machining a variety of materials and
can allow the development of high-value and innovative laser process techniques for a variety
of applications.
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Abstract

In comparison with metallic thermoelectric films, oxide films with artificial nanodefects
have been seldom studied. And there has been no report on the incorporation of island-
shaped organic nanoparticles. We describe a new approach to introduce nanometer-sized
phonon scatterers in aluminum-doped ZnO (AZO) thermoelectric thin films—concurrent
multi-beam multi-target-pulsed laser deposition and the matrix-assisted pulsed laser
evaporation (MBMT-PLD/MAPLE). The approach was used to make nanocomposite
thin films of AZO matrix with evenly dispersed poly(methyl methacrylate) (PMMA)
nanoparticles. The introduction of the nanoparticles enhanced phonon scattering with
consequent decrease of thermal conductivity by 20%. The electrical conductivity did not
decrease after the addition of the second phase, as it would be predicted by Wiedemann-
Franz law, but improved by 350% over pure AZO film. The thermoelectric figure of merit
of the nanocomposite film became twice that of the pure AZO film. Taking advantage of
room-temperature deposition, optimized AZO nanocomposite films are expected to be
used in real applications, such as thin film modules deposited on flexible polymeric
substrates for ubiquitous harvesting of the waste heat.

Keywords: laser ablation, pulsed laser deposition, matrix-assisted pulsed laser
evaporation, nanocomposite films, AZO, polymer nanoparticles, thermos-electric
energy harvesters

1. Introduction

Zn0 is a well-known n-type semiconductor used in a variety of applications such as optical
devices, piezoelectric transducers, transparent electrodes, and gas sensors [1]. Furthermore,
interesting results have been published on Al-doped ZnO (AZO) as a sustainable thermoelectric

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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material to replace toxic and expensive materials based on Se, Te, and Bi [2]. More recently,
researchers have focused on the preparation of AZO in thin film form due to the possibility to
control better the morphology and crystalline orientation of the films. In pure AZO films
prepared by the conventional pulsed laser deposition (PLD) on single crystal substrates at
relatively low temperatures (400-600°C), the thermal conductivity x has been reduced signif-
icantly with respect to the bulk material due to the enhanced phonon scattering at the film
substrate interface and at grain boundaries [3]. Ultimately, this approach has yielded a higher
thermoelectric figure of merit, ZT [4]. Further improvement of ZT can be achieved by the
introduction of multilayer structures and nanodefects acting as additional phonon scatterers
reducing the thermal conductivity [5, 6].

In contrast to metallic thermoelectric films, oxide films with artificial nanodefects have been
seldom studied: SrTiO3/Nb-SrTiO; [7], AZO/hydroquinone [8], and AZO/Y,05 [9]. There is
still no report on oxide films with nanodefects in the form of polymer nanoparticles. This
chapter describes nanocomposite thin films made of AZO matrix with evenly dispersed poly
(methyl methacrylate) (PMMA) nanoparticles produced by the concurrent multi-beam multi-
target pulsed laser deposition of AZO and matrix-assisted pulsed laser evaporation of the
polymer (MBMT-PLD/MAPLE) [10-13].

A wide variety of nanocomposite materials based on polymers and inorganic substances can
be classified as “polymer nanocomposites,” where the polymer serves as a host for inorganic
nanoparticles [14, 15]. In case, when the volume fraction of the polymer decreased below
90% (and the interaction between the inorganic inclusions became stronger, as illustrated in
Figures 1 and 2), the resulting materials were often called as “organic-inorganic hybrid com-
posites” [14]. In some occasions, one polymer was used as a host for a nanoparticles made of

L] Conventional polymer
.. O . ’ g nanocomposite (with scarcely
o - . \ embedded inorganic nano-
0 o » | particles): polymer fractional
volume > 90%.

Hybrid material: polymer
fractional volume 2 50%.

Hybrid material: polymer
fractional volume < 50%.

Inorganic nanocomposite with
polymer nano-fillers: polymer
fractional volume <10%.

(—phase1 @ Phase2
(polymer) (inorganic)

Figure 1. Two-phase polymer-inorganic nanocomposite films.
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Phase 3
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Figure 2. Three-phase polymer-inorganic nanocomposite films.

another polymer [16]. Making a uniformly mixed nanocomposite films with low fractional
volume (<10%) of the polymer and at least one inorganic phase prevailing and serving as a
host for the polymer nanoparticles (Figures 1 and 2) has remained an unachievable goal
because the list of suitable technologies was limited mainly to the sol-gel process [17]. Hence,
the two novelty features of this work are: (i) the use of MBMT-PLD/MAPLE to produce an
oxide-polymer nanocomposite film at room temperature with the oxide acting as a host to
the polymer nanoparticles and (ii) the use of the polymer nanoparticles as phonon scatterers.
The description given below demonstrates how the approach improves the thermoelectric
properties of AZO films.

2. Methods and materials

The MBMT-PLD/MAPLE system at Dillard University is schematically presented in Figure 3.
Two pulsed laser beams ablated concurrently two targets and ejected the target materials in the
plumes that propagated toward the surface of a substrate where they mixed and formed a
nanocomposite film. Linear actuators tilted the targets and changed the directions of the plumes
in order to secure uniform mixing of the target materials in the film. Plume 1 is formed by laser
beam 1 ablating a conventional solid inorganic PLD target. The second target (to the right) was
a polymer solution frozen by circulating liquid nitrogen (LN). Accordingly, the process of
polymer deposition was the matrix-assisted pulsed laser evaporation (MAPLE) [10-13]. All the
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Figure 3. The schematic of the multi-beam multi-target-pulsed laser deposition system used to make the films.

components of the deposition system were placed in a vacuum chamber (not shown) with
optical windows for the laser beams. The inorganic, AZO target was a pellet of Zng ¢sAl 0,0
where the aluminum fraction was 2% of the total by weight as compared with zinc, not
counting the oxygen. The AZO pellet had 20 mm in diameter and 3 mm in thickness. The pellet
was prepared by the spark plasma sintering method as described elsewhere [18]. The MAPLE
target was a solution of PMMA in chlorobenzene at a proportion of 1 g solids per 10 mL liquids
filtered with 0.2 um filter. The solution was poured in a copper cup of the MAPLE target
assembly (Figure 3) and frozen in liquid nitrogen (LN). The laser source was a Spectra Physics
Quanta Ray Nd:YAG Q-switched Pro-250-50 laser with a pulse repetition rate of 50 Hz, 750 m]
energy per pulse at the 1064 nm fundamental wavelength, and 400 m] energy per pulse at
the 532 nm second harmonic. The AZO target was ablated with the 532 nm beam. The fluence
was tuned up between 0.8 and 1.0 J/cm® per pulse. The MAPLE target was evaporated with
the 1064 nm beam. The fluence was ranging from 0.84 to 2.4 J/cm® per pulse to maintain a
volume fraction of PMMA in the AZO matrix of about 5%. The deposition time was 3.0 min.
The thickness of the deposited films was approximately 150 nm as measured with an atomic
force microscope. The films were deposited on Al,O3 (sapphire) (100) single crystal substrates at
room temperature in vacuum. The inorganic target was rotated during the irradiation of laser
beam. The substrate-target distance was maintained about 35 mm. Deposition of pure AZO
films in the same experimental conditions was carried out in order to have reference samples.

3. Results and discussion

X-ray diffraction (XRD) analysis of the as-grown AZO-PMMA films conducted with a Bruker
D2 Phaser diffractometer (Figure 4) revealed the presence of polycrystalline AZO, while peaks
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Figure 4. X-ray diffraction spectrum of the films (peaks are indexed with [}kI] reflections of AZO matrix).

Figure 5. Top-view TEM images of the films deposited on Al,O3 substrate with (a) low and (b) high magnification.

of PMMA were absent. Polycrystallinity of AZO is due to the fact that the ablation in MBMT-
PLD/MAPLE system was performed at room temperature to solidify PMMA after its conden-
sation on the substrate (PMMA has been reported to melt at about 430 K [19]). As widely
observed in literature, AZO films deposited at room temperature by conventional PLD are
commonly polycrystalline [20-22].

Figure 5 (a) and (b) present TEM images of the film samples that were peeled off from the
Al,Os substrate. Typically, polymer nanoparticles-nanoclusters of a size of 10-50 nm are seen
embedded in the AZO matrix. The formation of the nanoclusters is due to the heavy entangle-
ment of the polymer molecules ruled by chemical interactions during their condensation on
the substrates and chemical interaction with the ceramic host. Some polymer molecules could
also self-assemble in individual fibers creating networks across the AZO matrix.

The electrical conductivity versus temperature (¢ — T) characteristics of the films were mea-
sured by the conventional four-probe technique, and Seebeck coefficient was measured by a
commercial system (from MMR technologies) in the temperature range from 300 to 600 K.
Further, the thermal conductivity « of the films was measured at 300 K using the time domain
thermoreflectance (TDTR) technique [23, 24].
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Sample Electrical Seebeck coefficient Power factor ¢S Thermal T
conductivity ¢ S @V/K) (mW/(m.K?) conductivity x (300K/600K)
(S/cm) (300K/600K) (300K/600K) (Wm 'K
(300K/600K) 300K
Pure AZO + Pure AZO + Pure AZO + Pure AZO + Pure AZO +

AZO PMMA AZO PMMA AZO PMMA AZO PMMA AZO PMMA

Filmon 433/539 1382/1630 —15/-30 —-9/-20 0.01/0.05 0.01/0.07 7.4+0.2 59+0.3 0.005/0.04 0.0055/0.07
AL,O3

Bulk 206/152 —132/-150 0.35/0.34 34 0.0035/0.014
AZO

Table 1. Comparative performance of the nanocomposite thermoelectric AZO-PMMA films.

Electro-conductive and thermo-electrical characteristics of the AZO-PMMA nanocomposite
films in the range of 300-600 K are presented in Figures 6 through 11 and Table 1. Performance
of pure AZO films deposited on the same substrate is also reported for comparison.

Electrical conductivity o of AZO + PMMA films is higher than that of the AZO films over all
the measured temperature range and increases with the increase of temperature (Figure 6).
The highest value of the electrical conductivity is 1630 S/cm at 600 K, three times increase
comparing to pure AZO films. 1 S/cm (siemens per centimeter) is 100 times 1 S/m, the unit of
electrical conductivity in SI, 1 S/m =1 (Az.s3)/(kg.m3). The significant increase of ¢ can be
explained as follows. At first, as long as PMMA remains unaffected by the temperatures
applied during the measurement (below 430 K), the polymer can be assumed to increase the
number of oxygen vacancies in AZO usually resulting in the increase of electrical conductivity
in a hybrid system. Another scenario is that above 430 K, PMMA decomposes in CO, and by-
products. Then, carbon dioxide converts into amorphous carbon, which is known to have good
electrical conductivity (around 670 S/cm [25]). Since, virgin PMMA has very low electrical

1800 _ -A-AZO on ALO, _
| | -#-AZO+PMMA on Al,O e

E 1500 L _.2_.3_.-0-1—0 ® )

A | e-e-0-0-0eeed .

21200 -

= -

© 900} -

3

'E 600 - .

3 A AAAAAALAAALALLE |

300 1 L L

300 400 500 600
Temperature (K)

Figure 6. Temperature dependence of the electrical conductivity of AZO and AZO + PMMA films deposited on Al,O5
substrates.
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Figure 7. Temperature dependence of Seebeck coefficient of AZO and AZO + PMMA thin films on Al,O; substrates.
Symbols used to represent data points are the same as in Figure 6.

conductivity (of the order of 107> S/cm [26]), the degree of polymer conversion into carbon
could be assumed rather substantially, and thus, affecting not only o, but other physical pro-
perties that were becoming similar to those of an AZO-carbon nanocomposite.

Seebeck coefficient versus temperature plot is presented in Figure 7. The negative sign of
Seebeck coefficient indicates electrons as the electric charge carriers and correspondingly the
hybrid composite material being an n-type semiconductor. The magnitude of Seebeck coeffi-
cient increases with the temperature increase. Overall, the magnitude of Seebeck coefficient of
AZO + PMMA hybrid films is lower than that of the pure AZO thin film due to the fact that it
has more electric charge carriers. The highest absolute value of Seebeck coefficient is about
—30 uV/K at 600 K for AZO thin films. Based on the measured electrical conductivity and
Seebeck coefficient, power factor PF=0S” was calculated. The value of PF for AZO + PMMA
films (Figure 8) was found to be higher than that of the AZO thin films due to the higher
electrical conductivity. The maximum value of PF is about 0.07 mW/(m.K?) at 600 K.

Electrical conduction is governed by thermally activated hopping mechanism as is indicated
by linear plot of In(¢T) versus 1/T in Figure 9. The electrical conductivity follows relation
oT=Aexp[—E,/(kyT)] (Where E, is the activation energy for electrical conductivity, A is the
pre-exponential factor, kg is the Boltzmann constant) [27]. Activation energy E, was calculated
using the slope of the linear fit of the plots to be about 44 and 47 meV for AZO + PMMA and
AZO films respectively. Slightly lower activation energy of the nanocomposite film indicates
that the charge carriers with lower energy hopping between the grain boundaries also partic-
ipate in electrical conduction. Due to this, AZO + PMMA film exhibits higher electrical con-
ductivity. Further, the temperature dependence of Seebeck coefficient can be described as
S=(kg/e)[Es/(kgT)+ B], where Es is the thermopower activation energy and B is the heat of trans-
port taken as temperature independent [27]. Activation energy Es was calculated from the slope
of linear fitting of the plots of S versus 1/T (Figure 10) to be 7.0-9.2 meV for AZO + PMMA and
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Figure 8. Temperature dependence of the power factor of AZO and AZO + PMMA thin films on AL Oj; substrates.
Symbols used to represent data points are the same as in Figure 6.
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Figure 9. Inverse temperature dependence of In(cT) of AZO and AZO + PMMA thin films on Al,O5 substrate. Dashed

lines are the linear fit of the corresponding plots. Symbols used to represent data points for different samples as in
Figure 6.

AZO films, respectively. The values of E, are about five to six times greater than Es, which
suggests that a part of the activation energy is arising from the activated mobility of the small
polaron, which does not contribute to thermopower and the formation of which has been
reported for a number of oxides [27, 28]. It is worth of mentioning that, besides the thermal
hopping mechanisms, the temperature-independent tunneling electron transport mechanism
can be sometimes observed in the granulated multi-component films prepared by PLD as it has

been recently reported (for the films made of gold and silver nanogranules at a temperature
below 60°C) in paper [29].
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Figure 10. Inverse temperature dependence of Seebeck coefficient of AZO and AZO + PMMA films on Al,O3 substrates.
Dashed lines are the linear fit of the corresponding plots. Symbols used to represent data points for different samples are
the same as in Figure 6.

Thermal conductivity « (at 300 K) was measured by the above-described TDTR method to be
(5.9 +£0.3) and (7.4 £ 0.2) W/m K for AZO + PMMA and AZO film, respectively. Less « for the
hybrid film can be attributed to two factors: low thermal conductivity of PMMA (x = 0.25 W/m.
K at room temperature [30]) and the phonon scattering from uniformly dispersed PMMA
nanoparticles (as shown in Figure 3). These out-of-plane film thermal conductivity values
x(300K) measured at 300 K were further used in calculating the thermoelectric figure of merit
ZT=0S>T/x/(T) in the range of 300-600 K, where «'(T) is the film in-plane thermal conductivity
at a given temperature T. For elevated temperatures (T > 300 K), the replacement of «'(T) by
x(300K) can be validated by two facts: (i) in ZnO films, the in-plane thermal conductivity
determined at different conditions was always higher than the out-of-plane one [31]; and (ii)
the thermal conductivity of ZnO films was found to decrease with increasing temperature [32].
So, the replacement will not change the trend of ZT growth with T. Figure 11 and Table 1 show
that ZT for AZO + PMMA film is always greater than that of the pure AZO film (twice as great
at 600 K). This is due to the higher electrical conductivity and lower thermal conductivity of
the nanocomposite film.

The electrical conductivity ¢ of AZO + PMMA films turned out to violate the Wiedemann-
Franz law, x,/0=LoT (k. is the electronic component of the combined thermal conductivity
K=Ky +Kel, Kpy is the phonon component, L is the Lorentz number) and got decoupled from
the thermal conductivity, a common feature of complex and disordered media (so called
“electron crystals and phonon glasses”) [33]. The hypothetical structure of the composite
AZO + PMMA medium can be schematically depicted in Figure 12. The polymer phase in the
inorganic AZO matrix is assumed to be present in a variety of forms: nanoclusters (nano-
particles or nanodots), nanofibers, and fiber nanobundles. Nanoclusters are formed by the
entangled long-chain polymer molecules. Nanofibers may be formed by straightened single
polymer strands or the bundles of parallel polymer strands. All these formations (nanoclusters,
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Figure 11. Temperature dependence of the thermoelectric figure of merit ZT of AZO and AZO + PMMA thin films on
AlLOj3 substrates. Symbols used to represent data points are the same as in Figure 6. ZT was calculated using the thermal
conductivities of AZO and AZO + PMMA films on Al,O; substrates measured at 300 K (see Table 1).
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Figure 12. Schematic diagram of the AZO + PMMA nanocomposite film illustrating the effects of the polymer nanophase
on the electrical and thermal conductivity of the AZO host.

nanofibers, and nanobundles) can be interconnected forming a network across the inorganic
host. The polymer nanoclusters increased phonon scattering and reduced thermal conductivity
of the nanocomposite films.

As was mentioned above, one of the mechanisms of significant (three times) increase of
the electrical conductivity of AZO + PMMA films with respect to pure AZO could be the
carbonization of the polymer phase. Carbonization occurs as a pyrolysis—a thermochemical
decomposition of organic material at elevated temperatures without oxygen (or any halogen).
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It involves the simultaneous change of chemical composition and physical phase. Pyrolysis is a
type of thermolysis, and is most commonly observed in organic materials exposed to elevated
temperatures. It is one of the processes involved in charring wood, starting at 200-300°C (390-
570°F). It also occurs in fires where solid fuels are burning or when vegetation comes into
contact with lava in volcanic eruptions. In general, pyrolysis of organic substances produces
gas and liquid products and leaves a solid residue richer in carbon content, char. Pyrolysis
leading to carbonization of polymers, such as PMMA, poly(vinylidene fluoride) —PVDEF, poly
(acrylonitrile) —PAN, and poly-N-vinylformamide—PNVF, during laser ablation and heat
treatment has been reported before and used to modify the electrical conductivity of polymer
coatings and fibers [34-36]. In case of AZO + PMMA films, carbonization could turn the
network of the polymer nanoclusters and nanofibers into an additional efficient passage for
the electric current (Figure 12) contributing to the overall increase of the electrical conductivity
of the nanocomposite films and eventually to the increase of ZT.

4. Conclusions

The new concurrent MBMT-PLD/MAPLE deposition method has been successfully used to
produce nanocomposite oxide-polymer thermoelectric films composed of AZO matrix with
uniformly dispersed PMMA nanoparticles. The deposition was conducted at room tempera-
ture and on the cold (kept also at room temperature) substrate with no buffer gas. The volume
fraction of the polymer material in the AZO matrix was chosen to be around 5%. These depo-
sition conditions affected favorably the enhancement of the thermoelectric effect because the
long-chain polymer molecules had a better chance to reach the substrate and mix with the
inorganic matrix material without being decomposed. The chosen polymer fraction was small
enough not to compromise substantially the electrical conductivity of the matrix. The PMMA
nanoparticles allowed enhancing the phonon scattering with consequent decrease of thermal
conductivity as compared to pure AZO film. The electrical conductivity did not drop after the
addition of the second phase, as it would be expected from Wiedemann-Franz law, but grew
three times higher over pure AZO film. This was assumingly due to the increase of the number
of oxygen vacancies in AZO caused by PMMA or/and by the polymer carbonization at
elevated temperatures. The thermoelectric figure of merit was improved by a factor of two.
Further experiments would be necessary to establish the optimal proportion of the polymer
nanoadditive in AZO matrix and other deposition parameters that maximize the thermoelec-
tric performance of the nanocomposite films. Taking advantage of room-temperature deposi-
tion, optimized AZO nanocomposite films are expected to be used in real applications such as
thin film modules deposited on flexible polymer substrates for ubiquitous harvesting of the
waste heat.
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Abstract

In this work, we present a laser-based process for fabricating a cell electrostimulator. The
fabrication methodology comprises two laser processes: a pulse laser deposition (PLD) of an
aluminum thin film on soda-lime glass and a laser-based selectively removal of the thin film.
The laser set-up for PLD consist of Nd:YVO, Rofin Power line 20E (1064 nm wavelength, 20
ns pulse width) focused by a lens of 160 mm focal length inside a vacuum chamber to strike
a target of the deposited material. The same laser is used for selectively removing the thin
film but focused by a lens of 100 mm focal length. The geometry design is made in CAD-like
software. Before microfabrication, a thin aluminum layer (1 um thickness) is deposited on
soda-lime glass using the PLD method. In order to assemble the device, the electrical
stimulator is placed between two polycarbonate sheets of 1.5 mm thickness. To prevent
any contact with the electric circuit, a thin silicate glass (100 um) is placed over the
electrostimulator. Simulations were performed using ANSYS Maxwell software, verifying
that the induced electrical field achieves the minimum for cell stimulation.

Keywords: electrical stimulator, PLD, thin film removal, laser ablation, thin film

1. Introduction

Electrostimulation is an electric current application method used for excitation and activation
of certain organs and systems of the human body [1]. Although many organs and systems can
be stimulated by electric currents by adequate methods and techniques applied, the most
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widely practiced application is heart electrostimulation, being a specific section of medicine,
and electrostimulation of motor nerves and muscles [2].

For electrostimulation, direct impulse currents of different impulse shapes are applied at differ-
ent duration and frequency. This method is widely used for therapeutic purposes, where the
electrical stimulation is used to restore the function of damaged motor nerve, to treat paralysis or
muscles restoration while causing motor excitation and contraction of the muscles [3].

Aside from these therapies, where the electric pulses are applied directly to the patient,
electrostimulators are used in medical investigation as a tool to induce electric signals in cell
cultures simulating different body conditions [4]. In this method, electrostimulators must be
carefully designed to work in very specific circumstances. Usually, the device consists of two
electrodes in direct contact with the cell culture, where the electric stimulus is induced by
applying a voltage between them [5]. In this situation, it is necessary to choose the right
material for the electrodes. They must be biocompatible to avoid toxic reactions in the culture
and they also must efficiently transfer the charge to the medium in order to minimize the
electrode degradation [6].

All these circumstances significantly limit the choice of the materials used in the device [7].
With the purpose of avoiding this problem, we present a design of an electrostimulator in
which the electrodes are not in contact with the cell culture, solving the biocompatibility issue,
and the stimulation is applied by inducing electric fields, avoiding degradation by electro-
chemical phenomena. Applications study the growth and information processing of neurons
[8], capillary electrophoresis chips for the separation of biochemicals such as amino acids and
nucleotides [9], and microstructures for the analysis of DNA [10]. Depending on which types
of cells are needed to stimulate, the electrical forces induced can be classified into electropho-
resis (EP) or dielectrophoresis (DEP) depending on whether they act on a particle’s fixed or
induced charge, respectively. In both cases, the electrical field needed to induce notable forces
in the cell culture depends on the type of cell, but is usually about 10* V/m [11].

Different techniques have been used in the fabrication of microelectrodes. Most of them are
fabricated using standard photolithography [12] because this technique is more versatile and
allows the preparation of electrodes with a broad range of shapes and sizes, both single
electrodes and the electrode arrays. However, photolithography technique needs usually
about 3 h to fabricate planar electrodes, and it demands the use of several components in
various steps and the final use of chemical components to remove the additional film.

But in the past decades, pulse laser deposition (PLD) has emerged as one of the most popular,
flexible, and simple technique for depositing a wide range of materials [13]. Because of its
inherent versatility, flexibility, and speed, this method can be applied to almost any material,
from simple metals to multicomponent high-quality single crystals [14].

The PLD technique is a physical vapor deposition process where a pulsed laser is focused on
the surface of the material to be deposited as a thin film over a substrate. During the interaction
between a laser beam with enough energy density and a target, each laser pulse ablates a small
amount of the target, creating a plasma plume where particles of different sizes (form single
atoms to clusters) are extracted at high energies from the material. These ejected particles
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usually have an initial speed that could reach values of tens of kilometers per second, decreasing
gradually while interacting with the ambient atmosphere, providing a material flux for film
growth. In order to optimize this flux, the interaction must happen inside a vacuum chamber
to avoid dispersion between the particles and the ambient air [15]. For some applications, it
might be interested to collect these ablated particles on a particular surface. By doing this, the
coating surface can have different properties from the original material: the object surface
could become harder, noncorrosive, or conductive, while the rest of the object properties will
remain practically the same [16-18].

Pulse laser deposition presents some serious advantages comparing to other techniques. First,
it is very easy to implement, and the flexibility in terms of wavelength and power density
allows the ablation of almost any material. Second, almost any geometry of the set-up can be
chosen with a high degree of freedom because the laser beam is not part of the vacuum system
[19]. Third, the use of a pulse laser enables a very precise control over the growth rate. Besides,
due to the fact that this technique does not include impurities from the holder or the environ-
ment, it is a very clean technique [20]. And finally, the high kinetic energy of the ejected
particles in comparison with other methods leads to an increase in the density of the layer
and its adherence to the substrate [21]. However, the high laser energy involved in the process
(which makes that microscopic or macroscopic particles can be ejected from the target) and an
inhomogeneous distribution in the laser beam profile (and, in consequence, in the angular
energy distribution) can cause an inhomogeneous layer with slightly different local densities in
detriment to the desired properties of the film [22].

The attractive characteristics of PLD in the synthesis of multicomponent thin-film materials
make it the perfect technique for a lot of applications [23, 24]. In some cases, it could be the
synthesis of a thin-film material or structure [25]. In other cases, the research focused in the
development of specific devices, such as in the growth of nitride films in the development of
LED devices or in the fabrication of thin waveguiding films [26, 27]. PLD has also proven to be
very effective in the growth of crystalline oxides, [28] or PLD-grown of high-temperature
superconducting films (HTS), whose applications include high-frequency electronics for radio
frequency, microwave communications, and superconducting quantum interference devices
(SQUIDs) for the detection of magnetic fields [29]. In the area of wireless communication, radio
frequency filters based on HTS thin films presents excellent results by reducing interference
from out-of-band signals due to the low loss in the microwave frequency range for epitaxial
oxide superconducting films in which PLD is extremely effective at production [30, 31]. Pulsed
laser deposition has also played a key role in exploring more radical oxide device concepts,
including various electric field-effect devices based on semiconducting oxide materials [32].

Selective laser elimination of thin materials from glass substrates presents some advantages in
terms of time and material by being a relatively accessible and nonexpensive technique. While
photolithography needs hours to fully fabricate the electrostimulator circuit, laser ablation can
fully mark the same surface in a few minutes. Moreover, once the thin film of material is
available, only the laser interaction is needed in order to fabricate the electrode, instead of all
the chemical components. This technique uses the process of laser ablation, where the interac-
tion of the laser energy with the sample leads to material removal. Usually, this phenomenon
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depends on the absorption of laser photons by the sample material, which means that the
wavelength of the laser has to be chosen carefully for the maximum absorption. However, the
use of ultrafast lasers avoids this approach since ablation takes place as a result of multi-
photon absorption at high peak intensities, which means that even materials normally trans-
parent to the laser wavelength, which can be processed. In summary, laser ablation is a simple
technique, which can be achieved with inexpensive optics and only requires any kind of beam
or sample motion which can interface with CAD programs in order to mark complex patterns.
The main problem presented is that the marked is limited to a small area, which is not even an
issue if the goal is to work in a surface of a few square millimeters.

In this paper, we present a laser-based fabrication process for fabricating an electrostimulator
on a 1 micron aluminum film deposited by PLD over a soda-lime glass. By using laser
techniques, the aluminum is selectively removed to obtain a pre-designed electric circuit. In
order to avoid direct contact between the circuit and the cell culture, a 100 um glass is placed
between them. Section 2 introduces materials and methods. In Section 3, we describe the
electrical stimulator fabrication procedure and results, and Section 4 is devoted to discussion
and conclusions.

2. Materials and methods

2.1. Laser set-up

The laser used in this experiment was a Rofin Power Line 20E operating at the fundamental
wavelength of 1064 nm and a pulse with of 20 ns. The experimental set-up consists of a
galvanometer system coupled to the laser source, with a flat field lens at the output with a
spot size at focus of 15 um. During the PLD process, the lens used has an effective focal length
of 160 mm, providing a uniform distribution of irradiance in an area of 120 x 120 mm?®. For the
ablation process, the selected lens has 100 mm of effective focal length, with an area of uniform
distribution of irradiance of 80 x 80 mm?.

2.2. Materials

The glass used as a substrate for fabricating the electrostimulator was a commercial soda-lime
glass, provided by a local supplier. The composition of this glass (O 50.25%, Na 9.08%, Mg
2.19%, Al 0.54%, Si 33.08% and, Ca 4.87%) was determined by EDX analysis using a scanning
electron microscope (SEM) Zeiss FESEM-ULTRA Plus. The material used for pulsed laser
deposition of the thin film was an aluminum target of dimensions (10 cm x 10 cm x 1 mm)
with a purity of 99.98%, provided by Goodfellow.

2.3. Thin layer deposition

Before PLD deposition, a six-step cleaning process was used for cleaning glass substrates. The
samples were first brush-scrubbed in an aqueous and soap bath. They were then ultrasonically
pulsed in a second deionized water and soap bath heated to 35°C for 30 minutes. Then, the
water was changed and the process repeated. The fourth and fifth baths contained isopropyl
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alcohol, heated to 35°C for 30 minutes. Finally, the samples were dried using air pressure. Once
the cleaning process of the glass substrate was finalized, aluminum layers in the range of
600 nm to 1 m were deposited by PLD on the soda-lime substrate.

2.4. Characterization methods

The chemical composition of the soda-lime glass was determined by using a scanning
electron microscope (SEM) Zeiss FESEM-ULTRA Plus issued with EDX analysis. The optical
transmission of glass substrate was measured using a Perkin Elmer Spectrometer (type
Lambda 950 UV/Vis). Fabricated samples were examined using an optical microscope Nikon
MM-400. The characterization of the transmission spectrum across the sample was made
using a BLUE-Wave Miniature Spectrometer, from Stellarnet Inc., which can measure in the
range from 250 to 1150 nm. The characterization of the topographic profile was made using a
Dektak3 profilometer from Veeco.

The electrical characterization of the electrostimulator is made using a Tektronix MSO 1 GHz
5GS/s oscilloscope. The oscilloscope was connected to a coil placed on a 100 um glass over the
surface of the circuit, in order to check if the electrical field is strong enough to pass through
the glass to induce an electrical current in the coil.

2.5. Software control and simulation

In order to estimate the intensity and the homogeneity of the electrical field above the
electrostimulator, we used the software ANSYS Maxwell. This program was used to simulate
the parameters of the circuit and measure the electrical field in different planes over the surface
of the circuit. The hardware selected for applying electrical signals to the electrostimulator is
the NI USB-6501 portable digital I/O device, from National Instruments. It provides 5 V by
default and up to 8.5 mA. The hardware was programmed using LabVIEW, from National
Instruments, to apply a square signal whose parameters can be chosen by the final user to
stimulate cells.

3. Results

The soda-lime glass samples were covered with an aluminum layer using a PLD process, and
then the electrical tracks were fabricated by selective elimination of the thin metal film. Figure 1
shows the diagram of the PLD process used in this work. The vacuum chamber was custom
fabricated by Trinos Vacuum-Projects. It has a primary pump, which can provide a simple
vacuum of 10~* mbar and a secondary turbomolecular pump, which can achieve a high
vacuum of 10~ ° mbar.

Figure 1 illustrates the vacuum chamber experimental set-up. The laser source is coupled to a
source galvanometer head, with a flat field lens at the output of effective focal length 160 mm
and a spot size at focus of 15 um. The laser beam is focused on the surface of an aluminum
layer placed at 45° (see Figure 1a). The glass substrate is placed in front of the target, parallel to
it, and separated by 1 cm. The optimal pressure inside the vacuum chamber is 4 x 10~> mbar.
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One of the most significant characteristics of the PLD technique is the high kinetic energy of the
ejected particles. By raising this energy, the density of the layer increases and the adherence
between the particles and the substrate improves. However, one of its problems is the high
directionality of the ejected particles, which leads to an inhomogeneous density of the layer.
This deposition, in the case of the PLD technique, follows a distribution with the form of cos"6,
where 0 is the angle between the direction of the ejected particles and the normal to the surface
of the target, and n is a number depending on the conditions of the experiment, which can
achieve values higher than 30 [20]. To solve this, inconvenient small area of the target (28 x
2 mm) were scanned with the laser beam instead of focussing it in a fixed point.

As consequence of these issues, rising the distance between the target and the substrate the
homogeneity of the layer increases, so it is necessary to find the optimal separation in order to
have a dense but homogeneous layer. After performing experiments over 60 samples, we have
identified the optimal deposition parameters for laser operating at a fluence of 121 J/cm?, while
marking rectangles of 28 x 2 mm, with a separation between the target and the substrate of
1 cm, and with a combination of frequency and scan speed according to Table 1.

Figure 2 shows the microscope images of the samples selected in Table 1 illustrating the edge
between the base glass material and the aluminum tracks deposited using PLD.

As it can be seen in Figure 2, the homogeneity of the layers, in terms of aluminum particles
covering, vary according to the frequency and scan speed. We can observe that the samples
2 and 4 are the most homogeneous and present a uniform distribution of aluminum particles

Figure 1. (a) Diagram of the PLD set-up for the fabrication process and (b) image of the PLD system.

Sample 1 2 3 4
Repetition rate (KHz) 1 5 7 3
Scan speed (mm/s) 50 250 350 150

Table 1. Ratio of frequency and scan speed.
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a)

d)

sample 3 sample 4

Figure 2. Microscope images of the deposited layers obtained with an objective 20x. (Each image corresponds with the
laser parameters showed in Table 1).

along the surface. Conversely, Figure 2a, ¢ shows spaces not covered by aluminum particles.
The characterization of the transmission spectrum and the topographic profile of samples
2 and 4 are shown in Figure 3.

The percentage of light transmitted across the layer is shown in Figure 3a, c. In both cases, the
percentage increases from the center to the borders of the aluminum layer due to the inhomo-
geneity of the deposition. In the central region, the layer is thicker than in the borders and
reflects all the light. In Figure 3b, d, the topographic profile of the aluminum layer along a
distance of 600 um can be observed. The layer in the sample 2 shows an average height value
of 1274 nm and a roughness average of 514 nm. The layer in the sample 4 shows an average
height value of 653 nm and a roughness average of 389 nm. From now, the parameters of the
sample 4 will be used, due to its less roughness: laser fluence of 121 J/em?, frequency of 3 KHz,
scan speed of 150 mm/s, while marking rectangles of 28 x 2 mm, and with a separation
between the target and the substrate of 1 cm.

3.1. Laser selective thin film removal

The laser direct-write technique for fabricating the electrostimulator system is based on the
ablation of an aluminum layer deposited over the soda-lime glass substrate using a physical
vapor deposition method. The laser set-up for selective aluminum layer removal is
described in Section 2.1. The beam spot size was estimated to be 15 um. For fabricating the
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Figure 3. (a) Spectrum of the transmitted light across the layer in sample 2, (b) topographic profile of the surface of the
layer in sample 2, (c) spectrum of the transmitted light across the layer in sample 4, and (b) topographic profile of the
surface of the layer in sample 4.

electrical stimulator, the laser beam is focused on the top of the 1 micron aluminum layer
deposited at the top of the glass substrate. Figure 4a shows the laser set-up for fabricating
the electrostimulator. Figure 4b shows the CAD design used to fabricate the electrical
stimulator. The laser parameters used were: average power 1.3 W, repetition rate 16 kHz,
and scan speed 60 mm/s.

At laser fluence value below the damaged threshold of glass (920 J/cm?) and above the ablation
threshold of the target (2.4 J/cm?), we were able to eliminate the aluminum layer selectively,
according with the electrostimulator design (see Figure 4b). Strong interactions between the
laser beam, the plasma, and the aluminum layer take place below the ablation threshold of
soda-lime glass, resulting in high-quality elimination of the aluminum layer.

The calculations for determining applied threshold fluence (¢g,) and (¢g) are obtained according
to the method of Liu et al. [27]. The spatial fluence, ({(r)) for a Gaussian beam is given by:
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O(r) = pye 27/ (1)

where ¢ is the peak fluence in the beam, r is the distance from the centre of the beam, and wy is
the Gaussian spot radius (1/e°). The maximum fluence and the pulse energy, E,, are related by:
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The peak fluence is related to the diameter of the ablated spot

D? =22In ((%) 3)

where D? is the maximum diameter of the damaged region zone. It is possible to determine the
beam radius using the value for w, from the plot of D* versus the logarithm of the pulse
energy. Once wy is calculated, fluence values can then be found using Eq. (3). By plotting D?
versus the natural log of the applied laser fluence and extrapolating the D? line to zero, ¢y, can
be calculated.

Due to the thinness of the aluminum layer, it is necessary to determinate the appropriate laser
parameters, which allow to ablate the aluminum without causing damage in the glass sub-
strate. These parameters are the fluence of the beam, the frequency of the pulses, and the speed
of the spot along the sample. In order to determinate the ratio between the frequency and the
speed, we calculated the degree of pulse overlap between the consecutive spots. This factor is
set in the next equation

0

where v and f are the speed and frequency, and w is the width of the spot, in this case 15 pm.
Pulse overlapping is a crucial parameter for fabricating a homogeneous electrical track. Too

Galvanometer system

Laser source

11,70

REPRERRRIRRARELRR D

24,40

a)

All units are in mm

Figure 4. (a) Laser set-up for aluminum layer ablation, (b) electrostimulator design, and (c) extended view of the tracks
dimensions.
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overlapping will deliver too much energy over the glass, resulting on damage at surface, while
low overlapping will result on inefficient material removal. In Figure 5 are presented some
samples of tracks of a 200 nm aluminum layer ablated with different frequencies (10, 12, and
14 KHz) and scan speeds (60 and 100 mm/s), and therefore with different pulse overlapping.

In Figure 5, we can observe different tracks created by the laser at different pulse over-
lapping. All of them were made with a power of 700 mW. Results show how the ratio of 12
KHz and 60 mm/s is the one with the most regular track in terms of width, with an overlap
degree of 0.66. In other cases, the pulses are either too separated or too overlapped. Based on
the above mentioned results, electrical tracks were fabricated using an overlapping factor
of 0.66.

In order to adjust the optimal ratio between power and frequency, different tracks were made
with different values of these parameters. We measured the diameter of the tracks related to
the energy of each pulse (Figure 6).

Figure 6 shows the diameter of the mark after ablation of a single line related to the energy per
pulse, obtained by using different combinations of frequency (620 KHz) and power (700-
2000 mW), where it can be observed the linear relation between the width of the line and the
energy per pulse. This width will be taking into account during the aluminum layer removal
process. Selected parameters were: Pulse energy: 90 pJ (which correspond to a frequency of
12 KHz, a power of 1.05 W) and a scan speed of 60 mm/s.

In Figure 7, you can see microscope images with the result of fabricating the electrostimulator
with the previous parameters. The desired aluminum was successfully removed, without
interferences between the tracks. Besides, the glass substrate has not been damaged. Tracks
have an average length of 60.4 um and are separated by a distance of 135 pum.

10 KHz 12 KHz 14 KHz

50 pm

60 mm/s

o -

Figure 5. Aluminum layer ablated with different frequencies and scan speeds (thickness: 600 nm).



Fabrication of a Cell Electrostimulator Using Pulse Laser Deposition and Laser Selective Thin Film Removal 237
http://dx.doi.org/10.5772/intechopen.70677

40,0 ﬂiﬂ 80,0 100,0 1200 1400 160.0 180.0 2000 220,C

Energy per pulse (pJ)

Figure 6. Diameter of the laser mark related to the energy per pulse.

Figure 7. Microscope image of the electrical tracks after selective laser removal.

Motivated to maintain a lab-on-a-chip configuration for medical applications, we have created
a culture chamber where performing the electrical characterization of fabricated electrical
tracks. A polydimethylsiloxane layer (PDMS, Sigma-Aldrich, Saint Louis, MO) was cut from
a PDMS-casted layer and placed on the top of the electrical stimulator (Figure 8a). Layer
dimensions are 40 x 30 x 10 mm, with a hole of 10 x 8 mm. The glass cover slip (thickness:
100 um) was placed on the top of the electrical tracks to avoid any contamination. Finally, these
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elements are set between two polycarbonate layers, which will keep the device compact
(Figure 8b).

Over the electrostimulator and the 100 um glass is placed on a coil connected to an oscillo-
scope. In the terminals of the electrostimulator is induced a square signal with 5 V and 1 Hz,
which should induce another signal in the coil (Figure 9).

Figure 9a shows a peak voltage induced during the rise time from the low to the high level of
the square signal. Figure 9b shows an upper view of the set-up. The LED on the right is
connected to the margins of the electrostimulator to check that there are no cuts in the circuit.
The linear dependence of the voltage peak induced in the coil on the voltage applied to the
electrostimulator is presented in Figure 9c.

The electrical field induced by the electrostimulator was simulated using the ANSYS Maxwell
software. In this simulation, a model of the aluminum circuit in which 5 V was applied
between the two terminals was introduced. In order to compare the induced electrical field
with and without the glass cover, a second simulation was made keeping the same design of

[ T
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Figure 9. Set-up for checking the presence of an electric field generated above the glass.
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Figure 10. Simulation of the electric field generated above the electrostimulator with 5 V: (a) simulation with a 100 um glass
placed on the circuit, (b) simulation without 100 um glass, and (c) cross sectional simulation of electrical tracks and glass.

the stimulator and parameters than the first one, but with a 100 um glass over the electro-
stimulator. Results are shown in Figure 10.

In Figure 10a, b, the results show the electric field in a plane parallel to the electrostimulator,
105 um above. In Figure 10a, a 100 pm glass is placed on the circuit, while in Figure 10b there
is no glass at all. By comparing both results it can be observed that the mean value of the field
when the glass is placed is about 1.4 x 10* V/m, while in the case without the glass this value
varies from 8 x 10° V/m to 2 x 10* V/m. The presence of the glass makes the electric field
slightly weaker but much more homogeneous. As it was previously said, about 10* V/m are
needed to induce forces in the cell culture, so these results show that the electrical field
generated is strong enough to interact with the cells.

4. Conclusions

By combining laser ablation techniques and pulse laser deposition, it fabricated an electro-
stimulator for medical applications. The layers resulting in the PLD process have been charac-
terized by measuring transmission spectrum, by a profilometer, and by optical microscopy.
Results show rough and homogeneous aluminum layers in the central region of the glass
substrate. The circuit marked in the laser ablation process was characterized by an optical
microscope, verifying that the aluminum was selectively removed without interference
between the tracks and without damage in the substrate.

The electrical field generated by the device was simulated using ANSYS Maxwell, verifying
that the field is able to pass through the glass with enough intensity to interact with the cells.
The presence of the electrical field across the glass was also measured in an experimental way:.
As distinction regarding to other similar electrostimulator devices, the electrodes have been
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isolated from the cell culture by using a thin soda-lime glass, solving biocompatibility issues
between the material of the tracks and the cell culture.
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Abstract

This study investigates the biological response of zirconia/tantalum biocermet materials
with laser-induced periodic surface structures (LIPSS) generated using a femtosecond
laser working at 1030 nm wavelength. LIPSS were formed by laser radiation slightly
above the applied threshold fluence. LIPSS features were characterized using techniques
such as atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS).
LIPSS were generated in this study by applying femtosecond pulses with 500 fs pulse
duration at a high-repetition rate to smooth-polished zirconia/tantalum biocermet sur-
faces, with an original roughness value of 3.8 + 0.2 and 3.1 + 0.2 nm, respectively. We
have demonstrated in vitro that LIPSS are an efficient option to increase osteoblastic
differentiation of human bone marrow mesenchymal stem cells (hBMSCs) in ZrO,:Ta
biocermets. LIPSS created increase cell metabolism statistically (best values in 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay) and decrease
inflammatory response to the material (IL-6 and TNF-alpha values). Extracellular matrix
production (ECM) is produced in more quantity and cells differentiate to osteoblast
easily. These differences are seen from the beginning until the endpoint (day 20).

Keywords: laser-induced periodic surface structures, LIPSS, hard-tissue replacement,
zirconia/tantalum biocermet
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1. Introduction

Orthopaedic surgery has experienced a big development, thanks to the evolution of the materials
used, which made it possible to perform procedures, such as total hip replacement with feasibil-
ity. These procedures are common in most orthopaedic departments and the survival of these
implants is critical to prevent loosening and the need for revision arthroplasty with a cost of
more than 15,000 euros in total hip or knee replacement. The ideal surface to interact with bone
has not been created. We can find promising results in some materials, for example, hydroxyap-
atite plasma coating creates early and strong integration, but it seems that this treatment exper-
iments long-term reviews due to the loosening of the coat [1]. Multiple techniques have been
proposed to increase osteointegration in metals. Probably the most accepted and used are the
creation of a plasma coating with hydroxyapatite in some situations and the texturization of the
metal in the microscale [2-6].

Laser processing has gained significant importance in the medical industry and is an integral
part of manufacturing, for example, welding endoscopes, drilling holes in hypodermic
needles and verification laser marking [2, 3]. Lasers offer high precision and repeatability, high
speed and quality, accuracy, cost efficiency, minimal thermal input and noncontact [7-10]. In
particular, femtosecond lasers are ideal for surface structuring because they have a minimal
heat affected zone, there is rapid heating and cooling and no laser plasma interaction [11-16].
Femtosecond laser-induced periodic surface structures (LIPSS), known as “ripples,” have
been fabricated on material surfaces such as metals [17], polymers [18], glass, dielectric and
semiconductors [19, 20]. There are a number of applications of LIPSS such as increasing the
surface area and surface energy, altering the hydrophilic or hydrophobic performance of a
materials’ surface, improving coating adhesion, optics and tribology [21, 22]. These character-
istics are of great interest for biomedical applications, in particular for hard-tissue replacement
[23-25].

This study investigates the bioresponse of zirconia/tantalum biocermets (ZrO,:Ta) with
laser-induced periodic surface structures (LIPSS) produced by femtosecond laser pulses.
Experiments were carried out using a Yb:KYW chirped-pulse-regenerative amplification
laser system (Amplitude Systemes S-pulse HP) that delivered laser pulses with a dura-
tion of approximately 500 fs at wavelength of 1030 nm. We investigate the physical and
biological response of LIPSS created using a femtosecond laser on an alloy surface. This
includes determining the role of incubation and nanostructures, the physical characteri-
zation of LIPSS and the biological response of LIPSS. ZrO,:Ta surfaces were exposed to
multiple incident laser shots in air at a repetition rate of 100 kHz at various pulse
energies ranging from 2 to 6 m]J. Periodic surface nanostructures were formed by expo-
sure to laser radiation slightly above the applied threshold fluence and observed using
techniques such as atomic force microscopy (AFM) and scanning electron microscopy
(SEM). Section 2 introduces materials and methods. In Section 3, we describe the LIPPS
fabrication procedure and results. Section 4 is devoted to biological results and Section 5
to conclusions.
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2. Materials and methods

2.1. Material

We have previously described the manufacturing process of the composite, were ceramic and
metal powders are mixed to create the composite [21]. The samples used in this work are discs
of 20 mm diameter and 2 mm thickness were cut and machined from cylindrical bars (5 mm
length and 2 mm diameter).

2.2. Microstructure and surface characterization

The microstructure of samples was measured on surfaces polished down to 1 mm using a
scanning electron microscopy (SEM, Phenom G2). Roughness measurements were performed
by using SEM and 3D roughness reconstruction application (Phenom TM Pro Suite). The
average surface roughness (Ra) was determined by measuring the surface roughness at
10 different locations over 3 samples of each type.

Morphological observation of the surfaces was undertaken by means of a Carl Zeiss Ultra Plus
field emission scanning electron microscope (FE-SEM). The composition was analysed by an
Oxford instruments INCA X-sight X-ray electron probe microanalyzer (EDX).The wettability
of the studied materials was assessed by measuring the contact angle of deionized water drops
deposited onto their surface using a KSV Instruments Cam 200 device.

Laser-induced periodic surface structures are fabricated using a fluence above the damage
threshold fluence for the zirconia/tantalum biocermet. Chemical modification was analyzed
using a scanning electron microscope (Hitachi S2600N). The topography was measured using
an atomic force microscope (Agilent 5500).

During the fabrication process, we used an optical Nikon MM-400 microscope to visually
inspect the samples; surface roughness and topography was measured using a SENSOFAR
2300 Plu confocal microscope. Biological observations were performed using a Zeiss Micro-
scope (Zeiss AxioVert A.1) and Zen software.

2.3. Laser processing

Z10O,-Ta surfaces were exposed to multiple incident laser shots in air at a repetition rate of 100
kHz at various pulse energies ranging from 2 to 6 mJ. LIPSS were fabricated using a Yb:KYW
laser system (Amplitude Systemes S-pulse HP) with a pulse duration of approximately 500 fs
and a wavelength of 1030 nm. The beam delivery process for fabricating the LIPSS can be
described as follows: the beam is focused on the top of the zirconia/tantalum biocermet surfaces
using a flat-field lens (focal length = 100 mm). This kind of lens ensures a homogeneous light
distribution in an area of 8 x 8 cm” The beam spot size (21 um) was determined at 1/e” of the
Gaussian profile. The spatial profile of the laser was Gaussian in nature with a nominal M2 value
of <1.2. The laser set-up for texturing ZrO,-Ta surfaces with LIPSS is shown in Figure 1.
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Figure 1. (a) Laser set-up and (b) beam delivery system for generating the LIPSS; (c) schematic of LIPSS fabrication
process and (d) femtosecond laser characteristics.

2.4. Biological assay

We created 50 discs of the cermet. Each disc had a diameter of 6.75 mm (+ 0.02 mm) and a
thickness of 1.25 mm (= 0.02 mm). Once all the discs have been obtained, we proceed to polish
those discs to prepare and to apply further treatments. We maintained 25 unaltered discs as a
control group. In the remaining 25, we apply a laser treatment, which is explained later in
detail, to create regular structures or roughness in the metallic structures of the cermet at disc
surfaces. The samples used were treated with an ultrasonic bath for effective cleaning and then
autoclaved (Selecta Autotester) at 121°C for 30 min. We used one disc from each group to
culture mesenchymal stem cells (MSC) for 48 h to compare under direct vision cell behaviour.

After Institutional Review Board approval, and after giving consent, we obtained mesenchymal
stem cells (MSC) from iliac crest of patients who were operated elective, with no previous disease
and with an age between 18 and 50 years old. Under spinal anaesthesia, during the main
orthopaedic procedure, we performed a puncture with a trocar in the iliac crest to aspirate bone
marrow mesenchymal stem cells. We used a low-pressure technique with heparin and saline to
prevent haemolysis and the formation of clots.
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Afterwards, we used a Ficoll-Histopaque (Sigma-Aldrich) gradient to isolate MSC. Then, we
cultured the MSC to expand them under sterile conditions until we had obtained a concentra-
tion of 25,000 cells/cm” as previously reported. We confirmed the desired cell concentration
with a Neubauer chamber.

The survival and proliferation of hBMSCs on discs were examined with a MTT assay after 5, 10,
15 and 20 days of culture (groups of 6 discs). The MTT assays were carried out as per manufac-
turer's protocol (Sigma-Aldrich). Briefly, hBMSCs were seeded on the sample discs (both surfaces
were tested at the same time to diminish variability) at a density of 25 x 10> cells per well in a 24-
well plate. The medium was removed periodically at each time point, MTT solution was added
and cells were incubated overnight. Next step was to remove the MTT solution and dissolve the
purple formazan crystals in 100 mL of dimethyl sulphoxide (DMSO) by shaking the plate for 15
min (50 mL solution of each well was added into a new 24-well plate). An automated plate
reader (PerkinElmer) was used to quantify the OD value by measuring the absorption at 570 nm.

Afterwards, we proceed to clean the discs to use them for remaining biological assays. We
proceed to clean all surfaces chemically (to destroy all biological tissues without modifying the
surface) and treated them with an ultrasonic bath for effective cleaning and then autoclaved
(Selecta Autotester) at 121°C for 30 min.

To assess the amount of inflammatory cytokine concentration, both IL-6 and TNF-alpha ELISA
kits (eBioscience) were performed according to the manufacturer’s indications. Kits were read
on a spectrophotometer at the wavelength indicated by the manufacturer.

Formation of an ECM implies the deposition of collagen (the main protein of the ECM) on the
biomaterial surface. Collagen concentration was assessed by means of a total protein assay
(Pierce Labs USA).

Alkaline phosphatase (ALP) protein was assessed every 5 days. Samples were lysed using Cell
Lysis Buffer (Cell Signalling), collected, and spun down at 14,000x g for 10 min at 4°C. The
supernatant was then collected to measure ALP protein levels via LabAssay ALP (Wako);
protein levels were normalized by measuring total protein content via a BCA Protein Assay
kit (Thermo Fisher Scientific).

Osteocalcin and osteopontin levels were assessed to gain an insight of the mesenchymal cell
fate determination. Increased values of osteocalcin and osteopontin are associated with osteo-
blastic differentiation. Supernatants were collected at different time points and measured by
ELISA kits (Thermo Fisher).

We performed a Kolmogorov-Smirnov test to confirm that values have a normal distribution.
After we used a T-student test to compare rough and smooth surfaces, we accepted a p value
lower than 0.05 as statistically significant.

3. Experimental results

The laser set-up for fabricating the laser-induced periodic surface structures (LIPSS) on ZrO,:
Ta surfaces consists of a Yb:KYW chirped-pulse-regenerative amplification laser system
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(Amplitude Systemes S-pulse HP). The laser set-up used for fabricating the LIPSS is described
in Section 2.3. Figure 1 shows the laser set-up for fabricating the LIPSS on ZrO,:Ta samples.

The laser system for fully texturing materials with LIPSS is shown in Figure 1c. For fabricating
the LIPSS, the incident direction of the laser was orthogonal to the sample plane. Each sample
was fully textured by combining an aligned array of spots at a laser wavelength of 1030 nm. The
irradiation conditions for both materials were applied fluence of 0.30 J/cm?, laser spot of 21 pm,
wavelength of 1030 nm, repetition rate of 100 kHz, pulse width of 500 fs and sample scan speed
of 200 mm/s; the sample was fully textured using highly over-lapped (95%) pulses. This method
is very effective in accelerating the processing times while the obtained results are similar to
conventional pulsed-laser treatments for creating LIPSS. Fluence was calculated using Egs. (2)
and (3). The applied threshold fluence for one pulse was previously calculated and it was found
that with increasing number of laser pulses, the threshold fluence decreases [26].

The calculations for determining applied threshold fluence () and (¢pg) are obtained according
to the method of Liu et al. [27]. The spatial fluence, (¢,), for a Gaussian beam is given by:

b(r) = e~/ (1)

where ¢y is the peak fluence in the beam, r is the distance from the centre of the beam and wy is
the Gaussian spot radius (1/e®). The maximum fluence and the pulse energy, E,, are related by:

_ 2

Wi @)

®o

The peak fluence is related to the diameter of the ablated spot

D = 2wjln (j)’z) €)
Iz

where D? is the maximum diameter of the damaged region zone. It is possible to determine the
beam radius using the value for w, from the plot of D* versus the logarithm of the pulse energy.
Once wy is calculated, fluence values can then be found using Eq. (3). By plotting D* versus the
natural log of the applied laser fluence and extrapolating the D* line to zero, ¢, can be calculated.

Figure 2 shows a polished ZrO,:Ta sample used for generating ripples that exhibits a rough-
ness average of 3.7 £ 0.2 nm.

LIPPS were fabricated on ZrO,:Ta samples illustrated on Figure 2 by irradiation with a
p-polarized femtosecond laser. The laser parameters used for generating the LIPSS were
repetition rate of 100 kHz, pulse width of 500 fs, sample scan speed of 200 mm/s and 50 passes
of highly over-lapped (95%). In Figure 3, we can see the typical fabricated LIPSS or ripples
observed in the scanning electron microscopy images. Periodical micropatterns were gener-
ated in ZrO,:Ta using the abovementioned laser parameters at 200 mw laser power.

As shown in Figure 3, periodic structures were generated on tantalum while zirconia shows
irregular structures at surface. The period of the surface ripples is significantly smaller than the
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Figure 2. FE-SEM image of the ZrO,:Ta cermet used for performing experiments.

wavelength of the incident laser beam. The period of ripples is estimated to be 760 + 48 nm
and the depth is 251 + 7 nm when exposed to a 1030 nm, and the roughness average is 54 + 2 nm.
The depth of LIPSS depends on various parameters such as absorption coefficient, thermal diffu-
sion and radiative cooling of the material. The effective penetration depth (a—1) is proportional to
the laser wavelength. After femtosecond laser exposure, the alloy changes its optical penetration
depth, as the material become amorphous. After multiple-pulse exposure which incorporates
rapid heating and cooling cycles, the zirconia/tantalum material could evolve toward a metallic-
like glass which would favor deeper surface structures [28].

Wettability results assessed in aqueous medium are presented in Figure 4. Since liquid ZrO,:Ta
interfacial tension is not easy to measure directly, the contact angle of a deionized water droplet
on the studied cermets was used to indicate surface wettability. The equilibrium contact angle
(Beq) of a liquid drop on an ideal solid surface is defined by Young’s equation [29]:

oLV cosOeq = oSV — oSL 4)

where oSV, oSL and oLV are the interfacial tensions between solid-gas, solid-liquid and liquid-
gas phases, respectively. Our results indicate that the as-cast cermet shows high wettability
with a contact angle value of 81.2°. On the other hand, laser-treated ZrO,:Ta alloy presents
significantly higher contact angle (113.5°), that is, it shows a more hydrophobic character.
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Figure 3. FE-SEM images of the fabricated micropatterned structures on ZrO,:Ta (Ta: Tantalum; Zr: Zirconia) at different

Figure 4. Photographs of as-deposited water droplets onto the surface of (a) as-cast and (b) ZrO,-Ta with ripples.

Considering ylv constant for a certain liquid in a particular environment, the observed vari-
ability in wettability values could be ascribed to variations in ysv and +ysl, caused by the
hierarchical structures fabricated on ZrO,:Ta surface by the applied laser process. LIPSS
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nanopattern may be responsible for the observed hydrophobicity increase, which could also be
influenced by the intrinsic change in the surface chemistry with the exposure to air after the
laser fabrication process [30].

Cell adhesion and several cellular functions are strongly influenced by the surface properties
of a material. It has been proved that surface chemistry, energy, topography and wettability are
key factors that affect protein adsorption and blood coagulation, which may have an impact on
the adhesion, migration and differentiation of osteogenic cells, playing an important role in
implants” osteointegration [31, 32]. In the studied cases, an increase in the protein adsorption
and osteoblast differentiation parameters for laser-treated surfaces was observed, in spite of
their lower wetting properties. The higher specific surface area offered by the fabricated
nanostructures can play a decisive role in providing more adsorption sites for bioactive mole-
cules and proteins, mitigating the effect of surface hydrophobicity [33].

4. Biological results

On the biological side, one of the main challenges in this study was to investigate the cells’
behaviour when cultured over nanometric structures (LIPPS) to increase osteoblastic differen-
tiation. After fabricating laser-induced periodic surface structures, we studied the behaviour of

SMOOTHS5 LIPSS5 SMOOTH10 LIPSS10 SMOOTH15 LIPSS15 SMOOTH 20 LIPSS 20

MTT Mean 0711 0722 0784 0767  0.868 0917 0943 0.980
Std. 0.046 0053  0.067 0051  0.061 0119 0079 0.085
deviation

IL-6 Mean 0018 0019  0.026 002 0031 0031 0032 0.030
Std. 0.002 0.002  0.004 0003  0.003 0003 0002 0.003
deviation

TNF- Mean  0.018 0018  0.023 0023 0024 0024 0045 0.044

Iph

TP g, 0.001 0002  0.003 0002 0.002 0002 0.003 0.007
deviation

ECM Mean  0.033 0029  0.044 0055 0325 0452 0333 0.425
Std. 0.026 0015  0.028 0031  0.044 0034  0.040 0.052
deviation

AF  Mean 0544 1037 0580 1123 0.626 1224 0.679 1317
Std. 0.038 0198  0.026 0145  0.047 0073 0.033 0.132
deviation

0SC Mean  0.539 0639 0575 0624 0622 0778 0.601 0.787
Std. 0.052 0.043  0.049 0069  0.063 0.069  0.049 0.050
deviation

OSP  Mean  0.716 0838 0765 0825 0837 0831 0922 0.884
Std. 0.057 0075 0077 0050 0130 0123 0.059 0.076
deviation

Table 1. Mean value for each assay and time point with the standard deviation.
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bone marrow mesenchymal stem cells compared to polished surfaces. We cultured hBMSCs in
a concentration of 25,000 cells/cm? in the surfaces created for 20 days. We determined MTT,
TNF-alpha, IL-6, collagen production, alkaline phosphatase, osteopontin and osteocalcin for
every 5 days until day 20. Table 1 summarizes the average of all measurements for each assay.

MTT values in both surface treatments were similar (Figure 5), without reaching the statistical
significance at any time point of control. Inflammatory response of both materials described by
IL-6 and TNF-alpha values was also similar, with no difference between surfaces. We found
very low values for both surfaces. Figure 5 shows the data obtained for MTT assay with the
standard deviation.

We found a significant difference in ECM production (Figure 6) and osteoblast differentiation
parameters (FA, OSC and OSP). ECM production was statistically increased in LIPSS surfaces at
days 15 and 20. Alkaline phosphatase activity was increased at all time point controls. Osteocalcin
levels were also elevated at every control, but at day 10 there was no statistical difference.
Osteopontin values were also superior to control in every control, but only reached statistical
difference at day 5. Figure 6 shows the data obtained for ECM assay with the standard deviation.

Confocal microscopic image (Figure 7) showed a polarization of cells in the metal area (where
LIPSS are generated). In the surface where the ceramic is present, we can see a disordered
pattern seen in most of the smooth surfaces.

We can see a transition between LIPSS and the ceramic surface. In the upper left corner, we
can see a polarization of the long axis of the cell, which is not seen in the ceramic surface

MTT

1.5+

0.5+

0.0-

S IRNICIRCICIROIE
LR & ENC N

O Vv L8 {2 P \§

PR R U

Figure 5. Data obtained for MTT assay with the standard deviation.



In Vitro Evaluation of Laser-Induced Periodic Surface Structures on New Zirconia/Tantalum Biocermet for Hard...
http://dx.doi.org/10.5772/intechopen.70820

(lower right corner). Figure 8 shows the images obtained on smooth surfaces, which showed a
nonorganized mess of cells without polarization.

ECM
0.6+

0.4+

0.2+

T

0.0-
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O v L KPS
S P a,\%\ N

Figure 6. Data obtained for ECM assay with the standard deviation.

Figure 7. Confocal image of a treated surface.
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Figure 8. Confocal image of the smooth surface.

5. Conclusions

We have demonstrated in vitro that LIPSS are an efficient option to increase osteoblastic
differentiation of hBMSCs in ZrO,:Ta biocermets. When we create a laser-induced periodic
surface with a femtosecond laser, we found that proliferation and inflammatory response are
not increased when compared to a smooth surface. We know that LIPSS in metals decreases
hydrophobicity compared to smooth surfaces, but in cermet this situation is not seen. We
believe that we found a dual phenomenon. In the metal area of the cermet, the contact angle
is decreased, but in the ceramic area, the transformation phase seen with this laser treatment
increases the contact angle and the hydrophobicity. The optimization of the laser treatment
probably will improve the wettability minimizing the transformation phase.

We can see an increase in the ECM in treated surfaces at days 15 and 20. These values add
more significance to the values obtained for osteoblastic differentiation.

With values of proliferation similar in both materials, we found an increase in osteoblastic
differentiation in LIPSS created over ZrO,:Ta compared to smooth surfaces. This increase is
demonstrated by higher values in the studied assays of alkaline phosphatase, osteocalcin and
osteopontin production at every control point. This behaviour is seen in metals such as
titanium and tantalum. This situation is similar to previous studies that demonstrate a more
biological activity in LIPSS surfaces compared to smooth ones.

We can conclude that creating laser-induced periodic surfaces is a promising and cheap modifi-
cation to increase osteoblastic response to a material, without adding chemicals or new materials.
Optimization of the laser fluence and parameters will increase this effect, minimizing the trans-
formation phenomenon in the ceramic area, but creating LIPSS in the metal islands.
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Abstract

The initiation of explosives by laser is a new initiation method. Compared with traditional
initiation methods, laser initiation has the characteristics of high reliability and high safety.
It can be used as one of the alternative technologies for future initiation device. A micro-
scopic understanding of the complex physical and chemical processes involved in the reac-
tion process is essential for laser initiation. Shock initiation technology of laser-driven flyer
was studied. Several typical laser-driven flyer targets researches were introduced. Some
significant characteristics including velocity and impact stress of flyers were tested via pho-
tonic Doppler velocimetry and polyvinylidene fluoride pressure sensor, respectively. Some
types of flyers including Al and Cu single-layer flyers and CuO/Cu, CuO/Al and CuO/Al/
Cu multilayer flyers with relatively high velocities were used to initiate PETN explosive.
In order to give a better understanding of the mechanism of laser interaction with typi-
cal energetic materials (RDX, HMX, TNT, and HNS), a time of flight mass spectrometer
(TOFMS) was used to detect the positive ions and the negative ions were produced in the
laser-induced dissociation processes. The influences of laser wavelength, the laser fluence,
and the delay time of the decomposition process have been studied as well. The results
may throw some light on the laser interaction mechanism of energetic materials.

Keywords: laser ablation, PDV, laser-driven flyer, TOFMS, nitramines, aromatic nitro
compounds

1. Introduction

Laser ablation of energetic materials, such as pyrotechnics, explosives, and propellants, is
different from other materials because of the interaction with chemical reaction and laser
beam. The interaction processes between energetic material and laser beam are accompanied
with thermal physics process irradiated by laser (photo-thermal, melting, and gasification),

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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Figure 1. Interaction mechanism between laser beam and energetic materials.

chemical reaction in condensed phase and gaseous phase, generation of plasma, and laser-
supported combustion (LSC) and laser-supported detonation (LSD) depending on laser
power and material characteristics, seen in Figure 1.

Laser ablation of energetic materials is different from other materials” in chemical reaction, in
which the chemical reactions in condensed and gaseous phase can induce ignition, combus-
tion, and/or detonation. The research results show the reaction irradiated by laser is attributed
to the category of thermochemistry at low power (<10°W/mm?), but it is a complex reaction
including laser ablation and laser plasma at high power (>10°W/mm?).

2. Shock initiation technology of laser-driven flyer

As a type of driving energy, laser is able to ablate the target to generate substances with high
temperature and pressure to propel objects up to high velocity. There exist mainly two modes
of laser-driven flyers including inward driving and linear driving as shown in Figure 2.

Figure 2(a) shows an inward driving structure with free outward spherical surface as target.
After being ablated by intense laser (with intensity of light over 10*> W-cm™), the target will be
disaggregated as plasmas with high temperature, high pressure, and high density to promote
the rest part of target shell to be a flyer with high velocity. Immediately, the high-velocity flyer
will cause implosion of deuterium and tritium medium inside the shell to achieve compressed
fusion ignition (CFI). In linear driving structure shown in Figure 2(b), the incident surface is
covered by the transparent substrate or the optical fiber. If the intensity of incident laser is not
that high (10°-10" W-cm™), the transparent substrate can block the expansion of plasmas tem-
porarily to enhance the impact stress and velocity of flyer (the remainder of target plate after
ablation). This chapter mainly focuses on laser-driven flyer technology based on transparent
substrate, which is gradually becoming a significant dynamic high pressure loading technology.

The process of laser-driven flyer is very complex and can be roughly divided into several steps
as follows. First, the laser beam penetrates into the transparent substrate and irradiates on the
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Figure 2. Two modes of laser-driven flyers: (a) inward driving (b) linear driving.

surface of the metal film, so that the film substance is heated and evaporated. Then, the plasmas
formed at the interface between substrate and metal absorb the laser energy continuously to
heat up and expand. Next, the rest part of metal film is released out to form high-velocity flyer.

Compared with conventional high-velocity driving methods including gas cannon, detona-
tion, and electromagnetic driving, laser-driven flyer shows advantages of greatly enhancing
the velocity of flyer (up to tens of km/s) and impact stress (up to TPa order), owning simple
structure and low cost. Therefore, laser-driven technology is widely used in high-pressure
physics, space science, material science, and research of rapid detonation for explosives [1].

Laser-driven flyer impact initiation technology is an application of laser-driven flyer, which
is the process of initiating high energy explosives with high-velocity flyer driven by laser. As
shown in Figure 3, the process of laser-driven flyer initiating explosive can be divided into
three main steps:

a. The laser beam penetrates into the transparent substrate and interacts with the film on the
back of substrate so that a part of film material is ablated instantaneously to form plasmas,
which can absorb the laser energy unceasingly,

b. The plasmas with high temperature and high pressure can only expand in the direction
of the film material due to the confinement of substrate so that the remaining nonablated
films are sheared down to form high-velocity flyer, which is accelerated in accelerating
chamber immediately,

c. The flying flyer at high velocity impacts on explosive surface and causes detonation to
initiate explosive (e.g. HNS and PETN).

It is the precise time control, rapid response, strong electromagnetic interference resistance,
and low sensitivity that makes laser-driven flyer impact initiation technology as a good poten-
tial for the application to modern fuze system.

2.1. Laser-driven flyer target

At present, the flying target with transparent substrate is mainly used in laser-driven flyer
impact initiation technology due to its great performance of enhancing the absorption of
laser energy by plasma and increasing the impact momentum of flyer. Usually, BK7, K9, or
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Figure 3. Process of laser-driven flyer impact initiation.

sapphire glass with high transmittance of the corresponding wavelength are adopted as the
transparent substrate.

In general, thickness of the film deposited on the transparent substrate is typically a few
microns to tens of microns and the diameter is about 1 mm. Paisley et al. [2] found that the
impact stress of flyer must be higher than the rarefaction wave’s reflected from the free sur-
face of flyer during plasma-driving laser ablation. Only under this condition the flyer con-
tinue to be accelerated to reach the final velocity. In addition, the laser pulse width must be
2.5 times larger than round-trip time of sound in the flyer in order to ensure that the flyer will
not be fully impacted, ablated, and chipped during the acceleration.

R = T/[25 . 02(TC)
= T/[~2.5(2t/C) ], thatisR = —3—= (1)

In Eq. (1), the dimensionless quantity R must be greater than 1, T (s) is the laser pulse width,
t (mm) is the thickness of flyer, C, (mm/s) is the radial sound velocity of flyer.

2.1.1. Structure of flyer target

The structure of flyer target can be divided into two types: single-layer flyer and multilayer
flyer. Figure 4(a) shows the structure of single-layer flyer. As we can see, single-layer flyer is
prepared by depositing metal film on the transparent substrate. After the interaction between
laser and metal film, the plasma with high temperature and high pressure produced through
ablation will drive the nonablated film and shear it out to form a flyer.
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Figure 4. Structure of (a) single-layer flyer and (b) multilayer flyer.
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Multilayer flyer is developed according to the formation process of laser-driven flyer.
Generally, multilayer flyer owns three-layer structure, as shown in Figure 4(b). The main
function of ablation layer is to absorb laser energy and be ablated to form plasma with high
temperature and high pressure to drive the flyer. Thermal insulation layer is to restrain the
formation and diffusion of plasma in order to reduce the ablation of flyer and ensure its integ-
rity. Sometimes multilayer flyer can be divided into four layers. An absorption layer is added
between ablation layer and transparent substrate to improve the absorption of laser energy.

2.1.2. Typical flyer targets

Several typical flyer targets are listed in Table 1 in detail. In laser-driven flyer impact initiation
technology, the research on flyer has been developed from single-metal flyer to multilayer flyer.

According to Table 1, the main materials of single-layer flyer are Al and Cu. As for multilayer
flyer, the ablation layer materials are mostly C, Al, Mg, Ge, Ti, Zn, etc. AL,O,, MgF,, ZnS, and
TiO, are commonly good choices for thermal insulation materials. Al, Ti, and Cu are usually
used to prepare flyer layers.

2.2. Characteristics of laser-driven flyer

In the study of laser-driven flyer impact initiation technology, the detonation of explosive
depends mainly on the impact stress of flyer and pulse width of impact stress. The impact
stress of flyer depends on the velocity, structure, and material of flyer while the pulse width

Structure Author Flyer  Insulation Ablation Absorption Transparent
layer  layer layer layer substrate
Single-layer S. A. Sheffield [3] Al — — — —
flyer
Al - - - BK7
D. L. Paisley [4] Al Cu - - - glass

Multilayer flyer  D. L. Paisley [5, 6] Al,Cu ALO — —

D. B. Stahl [7] Al — C —

W. M. Trott [8, 9] Al ALO, Al - or

D.]. Hattand J. A. Al Cu AlLO, MgF, Al, Mg —

Waschl [10] ZnS

J. L. Labaste [11] Al ALO, Ge, C, Ti, Al — K9 glass

D. L. Paisley [12,13] Al ALO, Al C

M.D.Bowdenand AL Ti AlLO, TiO, C, Mg, Ge, C, Ti or

S. L. Knowles [14] Al, Ti

L. Wu [15] Al ALO, Al CuO

H.R. Brierley [16] Al ALO, Ge, Ti, Zn Sapphire glass

Table 1. Typical laser-driven flyer targets researched.
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of impact stress depends on the planarity and integrity of flyer. Therefore, it is necessary
to select flyer with high velocity, strong impact stress, and good planarity and integrity to
develop laser-driven flyer impact initiation technology.

2.2.1. Velocity of flyer
2.2.1.1. Measurement of velocity

The velocity of flyers can be measured via photonic Doppler velocimetry (PDV). Figure 5
shows a schematic view of PDV. It is mainly based upon two physical processes: Doppler
effect and optical mixing, that is, heterodyning.

Figure 6 shows schematic view of the measuring setup of flyer velocity. Velocity information
of flyer is collected and recorded by PDV measurement system and time history of flyer is
obtained by computer program analysis.

2.2.1.2. Regularity of velocity

According to the research of Wu [15] in Nanjing University of Science and Technology, four
types of flyers including Al/AlLO,/Al multilayer, C/Al/ALO,/Al multilayer, Mg/Al/AlO,/Al
multilayer and Al single-layer were tested with the laser energy of 36.4-195.1 m] by PDV
measurement system. The result is indicated in Figure 7.

According to Figure 7, the analysis to result are as follows. At the same laser energy, Mg/Al/
ALQO,/Al multilayer flyer owns the maximum velocity, which is little bit better than Al single-
layer flyer. The velocity of C/Al/ALO,/Al multilayer flyer is higher than that of Al/ALO,/Al
multilayer flyer when the laser energy is less than 150 m]. Within the range of 150-195.1 m] of
laser energy, the velocity of C/Al/AlO,/Al multilayer flyer is comparable to that of Al/ALO,/
Al multilayer flyer. As the ablation layer, Mg layer can greatly improve the velocity of flyer.
The addition of Al O, insulation layer increases the mass of flyer, which makes the velocity
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Figure 5. Schematic of PDV.
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Figure 6. Schematic of measuring setup of flyer velocity.

of Al/ALO,/Al multilayer flyer lower than that of Al single-layer flyer. The addition of C
absorption layer increases the velocity of C/Al/ALO,/Al multilayer flyer at low laser energy.
However, C layer is easy to be broken down at high laser energy, which reduces the restrain-
ing effect of substrate and accelerating chamber to plasma. As a result, the velocity of C/Al/
ALO,/Al multilayer flyer is lower than that of Al/AL,O,/Al multilayer flyer.

2.2.2. Impact stress of flyer
2.2.2.1. Measurement of impact stress

The impact stress can be measured by a polyvinylidene fluoride (PVDF) pressure sensor
(shown in Figure 8), and the current mode of PVDF pressure sensor is used to measure the
impact stress of flyer.
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Figure 7. Final velocities of four flyers in different laser energy.
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Figure 8. Structure of PVDF sensor.

2.2.2.2. Regularity of impact stress

Figure 9(a) shows the impact stress of six types of flyers at 175, 212, 248, 282, 315, and 362 m] laser
energy, respectively. With the increase of laser energy, the impact stresses of flyer tend to rise up
gradually. At the same laser energy, the impact stress of Al single-layer flyer is lower than Al/
Al O,/Al multilayer flyer. When the laser energy is not more than 248 mJ, the impact stress of CuO/
Al/ALO,/Al multilayer flyer is comparable to that of CuO/ALO, /Al multilayer flyer. As the energy
continues to increase, the impact stress of former will exceed that of the latter. In most cases, the
impact stress of C/Mg/Al/ALO,/Al multilayer flyer is greater than C/Al/ALO,/Al multilayer flyer.

In 1969, Walker and Wasley [17] proposed the criterion for impact initiation of heterogeneous
explosive

E.= Pt ()
In Eq. (2), P is the shock wave pressure entering into explosive, 7 is the time that shock wave
travels back and forth in flyer, and E_is a constant determined by the specific explosive. Only
when the value of P’1 is higher than that of E, the explosive can be initiated. Ignoring the area
effect of impact initiation, the criterion for it can be written as

2
P>t >E, 3)
= Al = Al
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Figure 9. Impact stresses (a) and value of P’t for flyers at different laser energy (b).
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Figure 10. Schematic view of measuring setup for impact initiation.

Flyer layer Explosive

Value of Pt for six types of flyers are shown in Figure 9(b). The value of P?t indicates the
flyer’s ability to initiate explosive. It is obvious from Figure 10 that Pt of multilayer flyers is
higher than that of single-layer flyers. Especially, C/Mg/Al/Al,O,/Al multilayer flyer obtains
the maximum value of P?t, which means the best ability to initiate explosive.

2.3. Characteristics of laser-driven flyer impact initiation
2.3.1. Theory of initiating explosives

Impact initiation of agglomerate explosive is a significant initiation method besides thermal
initiation. Due to the press fitting of solid agglomerate explosive, voids are retained around
the crystal grains with the degree of porosity of 1-4%. After the shock wave entering explo-
sive, the air voids and bubbles are compressed adiabatically under impact. The specific heat
of gas is lower than that of the explosive crystal. Therefore, the temperature of bubble is
higher than that of the crystal, which will cause the appearance of hot spots.

2.3.2. Measuring setup for impact initiation

The schematic view of measuring setup for impact initiation is shown in Figure 10. The
laser focused by lens irradiates on flyer target and ablates a part of the film to form plasma.
Immediately, the remaining part of the film is sheared along the edge of accelerating chamber
and is driven out at high velocity to form a flyer. Then, the flyer is accelerated in accelerating
chamber and hits explosive cylinder causing the explosive to be struck and detonated.

2.3.3. Initiation of PETN

Five types of flyers including Al and Cu single-layer flyers and CuO/Cu, CuO/Al and CuO/
Al/Cu multilayer flyers with relatively high velocities were used to initiate PETN explosive
[15]. The results are shown in Table 2.

Compared to the results in Table 2, it is easy to find that Al single-layer flyer shows the best
performance of initiation in the same laser energies, which succeeded in initiating as long as the
laser energy was higher than 161 m]. CuO/Cu multilayer flyer owned four successful detona-
tions as well. Besides, the success rate of initiation for other flyers is arranged from high to low,
followed by Cu single-layer flyer, CuO/Al and CuO/Al/Cu multilayer flyers. The results indicate
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Structure of flyer Laser energy/m] 67 109 161 203 264 336.7  375.7

Cu Flyer velocity/m-s™ 1965 2402 2597 3389 3389 4020 3065
Pt/x10" Pa's 0.2 0.2 1.3 6.3 10.4 6.3 3.0
Detonation x x x N N N %

Al Flyer velocity/m-s™ 3162 3433 4145 4324 4761 5194 5000
P2/x10" Pa-s 0.2 0.9 5.4 5.6 9.4 7.6 6.6
Detonation x x \ V 3 V N

CuO/Cu Flyer velocity/m-s™ 2105 2500 2649 2909 3149 3252 3305
P21/x10" Pa-s 2.1 15 2.6 5.8 6.8 54 7.1
Detonation x x x J V J V

CuO/Al Flyer velocity/m-s™ 3478 3773 4597 4878 5031 4848 5673
P21/x10" Pa-s 0.6 24 3.2 37 11.0 8.7 49
Detonation x x x x N N <

CuO/Al/Cu Flyer velocity/m-s™ 2352 2507 2702 3100 3265 3791 3625
P?t/x10" Pa-s 0.9 1.1 1.9 3.3 5.1 2.0 2.0
Detonation x x x x N x x

Table 2. Initiation results of PETN for different types of flyers.

that a certain range of laser energy is necessary in the process of laser-driven flyer impact initia-
tion, which can ensure enough velocity and impact stress of flyer.

2.4. Analysis of laser-driven flyer initiating explosives

There are two main factors affecting the impact initiation of flyer including velocity and shape
of flyer, which are indispensable. Al flyer shows the best performance in impact initiation while
CuO/Al and CuO/Al/CuO multilayer flyers show the worst performance. It is analyzed that the
oxidation reaction between Al and CuO will release a lot of energy to melt or vaporize some
part of flyer and change the shape of flyer, which can reduce the impact effect of it and result in
the decrease of flyer velocity. The velocity of Cu flyer is higher than Al’s, but its impact initia-
tion ability is not as good as Al flyer. This is because Cu flyer is more brittle than Al flyer and
is more likely to be broken during flight, which will affect the initiation effect. A large number
of experimental results show that a certain range of laser energy is needed to drive the flyer.
Thus, the velocity and impact stress can be high enough to initiate the explosives successfully.

3. Laser-induced time of flight mass spectroscopy of typical energetic
materials

Laser-material interaction is essentially based on thermal and photonic processes, where as a
consequence of laser irradiation, different phenomena occur on a microscopic or macroscopic
scale [18]. It will populate an excited state that can either couple to a reaction pathway, resulting
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in chemical reactions, or undergo internal conversion back to the ground state of the starting
molecule. A microscopic understanding of the complex physical and chemical processes involved
in the combustion and decomposition of energetic material is essential for the development of
predictive detonation and reliable model for performance, stability, and hazard analysis of explo-
sives [19]. Many investigations have been conducted concerning the mechanism of decomposi-
tion of explosives under laser irradiation [20-22].

In order to ensure the reliability and safety of laser initiation system, it is necessary to reveal
the microscopic mechanism of the reaction of energetic materials under laser irradiation.
Spectroscopic method is an effective means to reveal the mechanism of laser-induced dis-
sociation of energetic materials [23]. In the present work, time of flight mass spectrometry
(TOFMS) was employed to study the ion fragments produced by explosives after laser excita-
tion with the purpose of understanding the effect of different experimental parameters on the
resultant mass spectra and laser-induced reaction.

3.1. Detection of laser-induced decomposition products

The explosive samples were pressed into an aluminum holder (6 mm diameter and 11 mm
depth) using a pressing tool to ensure a flat surface and a consistent filling density with a
pressure of 80 MPa. The apparatus used in this study was a homemade reflection time of flight
mass spectrometer. The time of flight mass spectrometer consists of four parts: ion source,
ion acceleration zone, flight area, reflector and detector. The detector is made from a pair of
microchannel plates (MCPs) [24]. It was combined with a vacuum chamber, pumping down
to 4 x 10™* Pa with two turbomolecular pumps. The output from a Q-switched Nd:YAG laser
(LOTIS TII, LS-2147, 450 mJ@532 nm/15 ns, 800 mJ@ 1064 nm/15 ns) was focused to the sample
surface by a quartz focus lens with focus length of 500 mm) and spot size of about 0.8 mm?.
The laser fluence was measured by an energy meter (Ophir, Model 30A). After ionization, the
laser generated ion fragments were first driven by the initial kinetic energy into the accelera-
tion zone, and then accelerated by a pulsed electric field, and finally detected by the MCPs
[25]. The ions were mass analyzed by its flight time. In order to reduce the noise, the weak sig-
nal measurement technique with multiple signal superposition was adopted. The TOF signals
were accumulated 128 times by a digital oscilloscope (Tektronix, DPO7140) to improve the
signal-to-noise ratio. The trigger of each instrument was controlled by a pulse delay genera-
tor (University of Science and Technology of China, GH024). Figure 11 shows the schematic
diagram of the experimental setup [18].

3.2. Laser-induced TOF mass spectroscopy of nitramines
3.2.1. RDX

Typical negative and positive ion mass spectra of RDX obtained by 532 nm laser dissociation
are shown in Figure 12. The laser energy was 4.8 J/cm? for negative ions with delay time of
50 ps and 5.2 J/cm? for positive ions with delay time of 50 ps. For negative mode, the peak
with the highest intensity in the negative-ion spectrum are at m/z = 46 and corresponds to
the NO, fragment. Other relatively strong peaks appear at m/e = 26, 106, and 134 and can be
assigned to CN, (CNC)C(NN), and H,C(N-NO,),, respectively. Finally, some low intensity
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Figure 11. Schematic diagram of the TOFMS system.

peaks are observed at m/z = 42,60,84,88,93,130, and 176, possible assignments for major peaks
are N(CH,)N, N-NO,, (H,CN),,(CH,),N-NO,, (CH)(NCNC)(NN), (CH,),N(N-NO,)N and
(CH,),(N-NO,),N, respectively. For positive mode, positive ions have three series, m/z = 17
can be attributed to OH. m/z = 26, 27, 28, 29, 30, and 32 ions can be classified as CN, HCN,
CO/N,/H,CN, HCO, NO, and O,, respectively. The third series with m/z of 42, 44, and 47, and
their corresponding attributions are C,H4N/ CH,N,/N (H,C) N, N,O/CH,NO, and HONO,
respectively [18, 26].
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Figure 12. Typical TOF mass spectra of negative ions (left) and positive ions (right) for RDX produced by 532 nm laser
ablation.
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Typical negative and positive ion mass spectra of RDX obtained by 1064 nm laser dissociation
are shown in Figure 13. The laser energy was 34.9 J/cm? for negative ions with delay time of
80 us and 49.4 J/ecm? for positive ions with delay time of 70 us. The position of the peaks of
negative ion mass spectrum under 1064 nm is similar to that under 532 nm. The difference
lies in the intensity of the major peak. From the negative ions mass spectrum, it can be found
that the highest peak with the appears at m/z = 106 and corresponds to CH,(NO,), fragment.
Different with the results at 532 nm, two small new peaks produce at m/z =98 and 100, which
can be assigned to (CH,),N,(NN) and (CH,),N,(NO). The relative strong peaks at m/z = 26,
46, 88 and 134 may be CN or C,H,, NO,, (CH,)NNO, and H,C(N-NO,),. Moreover, the peaks
with low intensity can be observed at m/z 42, 64, and 84 are most likely the CNO or (CH,),N
or CH,N, and (CH,N), fragments, respectively. In the positive ions mass spectrum, the peak
with the highest intensity can be found at m/z = 30, corresponding to the NO or CH,O species.
The second strong peak appears at m/z = 18, and can be ascribed to H,O or NH,, respectively.
A series of peaks are observed at m/z = 40, 42, 43, 44, 46, and 47, and can be ascribed to CN, or
C,H,N, N(CH,)N or (CH,),N, NCOH, N,O or CO, or CH,NO, NO, and HONO, respectively.
The thermal decomposition results of the isotopically labeled RDX confirmed that the formula
for the ion signal at m/z = 45 was H, NCHO and which might be formamide. Likewise, the iso-
topically labeled results also showed that m/z =59 was corresponding to CH,NHCHO and was
most likely N-methylformamide. Some small peaks can be observed at m/z =57, 58, 59, and 60,
these ions can be assigned to (CO)NH(CH,) or N(COH)N, CNQO, or (COH)NH(CH,), CHNO,
and CH,NO,, or NNO,, respectively. Some other peaks can be found at m/z = 16, 19, 24, 27,
28, 74,79, and 86, which may be from CH, or O, H,O, C,, C,H,, or CHN, N, or CO or C,H, or

277

CH,N, CH)NNO,, (HC)N(CN),, and (CH),NNO,, respectlvely [18, 25].

3.2.2. HMX

Typical negative and positive ion mass spectra of HMX obtained by 532 nm laser dissociation
are shown in Figure 14. The laser energy was 8.6 J/cm? for negative ions with delay time of
75 us and 7.8 J/cm? for positive ions with delay time of 70 ps. It can be seen from the negative
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Figure 13. Typical TOF mass spectra of negative ions (left) and positive ions (right) for RDX produced by 1064 nm laser
ablation.
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Figure 14. Typical TOF mass spectra of negative ions (left) and positive ions (right) for HMX produced by 532 nm laser
ablation.

ion spectrum that the ion distribution of HMX has some similarity with that of RDX. HMX
has three strong ion peaks with m/z of 26, 46, and 106. According to the molecular structure
and decomposition properties of HMX, it can be deduced that these three peaks are CN, and
NO,(NO,),/N(NO,),, respectively. There are some relatively weak peaks at m/z of 17, 42, 60,
88, 134, and 188, which correspond to OH, CH,N,/C,H O/CNO, CH,NO,/N,O,, (CH,),NNO,,
CH,(NNO,),, and CNN(CH,NNOQO,),, respectively. The distribution of positive ions is 0bv1—
ously different from that of negative ions, which is mainly distributed in three regions: m/z of
18 and 19 were in the first region, which may be due to H,O and H,O, respectively. The m/z of
the second distribution region is 24-32, the possible attributions are C,(m/z =24), C,H(m/z = 25),
CN(m/z = 26), HCN(m/z = 27), CO/N,/H,CN (m/z = 28), HCO (m/z = 29), NO/CH,O (m/z = 30),
and O, (m/z = 32). The m/z of the third distribution region is 40—47, which can be assigned
to CN/C,H,N (m/z = 40), CH,N,/C,H,O/CNO (m/z = 42), N,0/CO,/CH, NO(m/z = 44), HN,O
(m/z = 45), NO, (m/z = 46), and HONO (m/z = 47), respectively [18].
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Figure 15. Typical TOF mass spectra of negative ions (left) and positive ions (right) for HMX produced by 1064 nm laser
ablation.
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Typical negative and positive ion mass spectra of HMX obtained by 1064 nm laser dissocia-
tion are shown in Figure 15. The laser energy was 45.0 J/cm? for negative ions with delay time
of 80 ps and 41.4 J/cm? for positive ions with delay time of 70 ps. The distribution of negative
ion peaks of HMX at 1064 nm is similar to that of 532 nm laser, and all of them have more
obvious ion peaks at m/z of 17(OH), 26(CN), 42 (CH,N_,/C,H O/CNO), 46(NO,), 60(CH,NO,/
N,0,), 88((CH,),NNO,), 106 (N(NO,),/CH,(NO,),), and 134 (CH,(NNO,),), except that the rela-
tive intensity of m/z of 60 and 46 increased significantly and a new ion peak CNN(CNNO,), is
generated at m/z of 184. The distribution of positive ions is almost the same as that of 532 nm.
However, there are differences in the intensity for the ions, among which the relative intensity
of 24 (C,), 27(HCN), and 40(CN,/C,H,N) reduced significantly. The similarity of the distribu-
tion of ions indicates that the decomposition mechanism of HMX under the irradiation of two
kinds of laser wavelengths is similar [18, 24].

3.3. Laser-induced TOF mass spectroscopy of aromatic nitro compounds
3.3.1. INT

Typical negative and positive ion mass spectra of TNT obtained by 532 nm laser dissociation
are shown in Figure 16. The laser energy was 24.6 J/cm? for negative ions with delay time of
70 us and 25.8 J/cm? for positive ions with delay time of 70 us. For the negative ions, the stron-
gest peak appeared at m/z = 26, which might correspond to CN. Two relatively strong peaks
appeared at m/z = 42 and 46, which might be due to CH,N /C.H,O/CNO and NO,. A series
of small peaks were observed at m/z = 50, 66, 77, 137, 152, 167, 197, 212, 225, and 238, these
ions could be ascribed to CHCCHC, CCHCOCH, CHCHCHCHCHC, CH,CHCOCHCOCCO,
(CHCO),CCNO,, CH,(CHCO),CCNO,, CH,CHCOCHCNO,CCNO,, CH,(NO,),, CH,CH
(NO,),, and CH,CHCH(NO,),. The mass charge ratio of CH,CHCH(NO,), (m/z = 238) is
larger than TNT (m/z = 227), it can be conjectured that TNT may get some atoms to form
larger fragments. For the positive ions, the dominant peaks were appeared at m/z =18, 19, 24,
27, 28, 30, and 40, these ions could be correspond to H,O, H,O, C,, HCN, CO/N,/CH,N, NO,
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Figure 16. Typical TOF mass spectra of negative ions (left) and positive ions (right) for TNT produced by 532 nm laser
ablation.
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and CH,N. Some low intensity peaks were observed at 42, 44, 52, 65, 78, 93, 142, 174, and
224, possible assignments for these peaks were CH,N,/C,H,O/CNO, N,O/CO,/CH,NO, C,N,,
CNCHCN, CH,, CH.O, (CCN),C (CCNO), C(CCNO), and C(CHNO,),(CCNO,) [18, 27].

Typical negative and positive ion mass spectra of TNT obtained by 1064 nm laser dissocia-
tion are shown in Figure 17. The laser energy was 15.9 J/cm? for negative ions with delay time
of 70 ps and 13.3 J/cm? for positive ions with delay time of 70 ps. Compared with previous
studies at 532 nm laser irradiation, we find that the distribution of both the negative and posi-
tive ion fragments has a certain similarity. The difference is that three strong peaks appear at
m/z=26,212, and 238 for the negative ion mode after 1064 nm irradiation, which can be attrib-
uted to CN, CH,(NO,),, and CH,(NO,),(CHCH), as shown in Figure 3. At the same time,
some weak negative ion fragment peaks are produced at m/z =92, 103, 116, 146, 158, 176, and
197, these peaks are probably attributable to (CCH),(CHCOH), (CCH),CO(CCH), (CCO),C,,
(CCO),C(CCON), (CCON),CC(CN), (CCON)(CCNO,) C(CCO), and CH,(CHCO) (CHCNO,)
CCNO,,. For the positive ion mode, different with 532 nm, these peaks at m/z = 24, 27, 30, 40,
42, 65,78, 93, and 174 are observed, these ion fragments may be due to C,, HCN, NO, C.H N,
CH,N,/C,H,O/CNO, CNCHCN, C H,, CH,O, and C(CCNO), [18, 28].

3.3.2. HNS

Typical negative and positive ion mass spectra of HNS obtained by 532 nm laser dissociation
are shown in Figure 18. The laser energy was 8.6 J/cm? for negative ions with delay time of
60 ps and 8.6 J/cm? for positive ions with delay time of 55 us. For the negative mode, the main
peaks appear at m/z = 26, 42, 46, and 62, which corresponds to the CN, CH,N,/C,H,O/CNO,
NO,, and NO, fragments. A series of relatively weak peaks can be found at m/z = 50, 66, 77,
93, 107, 142, 172, 196, 212, 225, and 238. According to the structure of HNS, these peaks can
be assigned to (CHC),, CCHCOCH, C.H,, CH,O, CH.NO, (CCN),C(CCNO), (CCN),CNO
(CCNO), CH,NO(NO,),, CH,(NO,),, CH,CH(NO,), and CH,CHCH (NO,),, respectively.
For the positive mode, the peaks with high intensity are mainly distributed in m/z = 28, 30,
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Figure 17. Typical TOF mass spectra of negative ions (left) and positive ions (right) for TNT produced by 1064 nm laser

ablation.
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Figure 18. Typical TOF mass spectra of negative ions (left) and positive ions (right) for HNS produced by 532 nm laser
ablation.

17, and 40, respectively, corresponding to OH, CO/N,/CH,N, NO, and CH,CN. In addition, at
m/z =18, 24, 29, 32, 42, 44, and 65, the strength of the ions is weak, which can be attributed to
H,0, C,, CHO, O,, CH,N,/C H,O/CNO, N,0/CO,/CH,NO, and CNCHCN, respectively [18].

Typical negative and positive ion mass spectra of HNS obtained by 1064 nm laser dissociation
are shown in Figure 19. The laser energy was 8.4 J/cm? for negative ions with delay time of 80 ps
and 13.1 J/em? for positive ions with delay time of 70 ps. For the negative ions, a strong peak is
observed at m/z=26, which can be attributed to CN fragment. A series of regular peaks with a mass
to charge ratio step of 4 appear at m/z =42, 46, and 50, according to the molecular structure of HNS,
possible assignments for these peaks are CH,N,/C,H,O/CNO, NO,, and CHCCHC. Fragments like
CH,N,, C,H,0, and CNO that have similar mass to charge ratio are difficult to distinguish from
the instrument due to the limited mass resolution, which mainly caused by the large broadening
of the kinetic energy distributions of the species produced in the excitation process. Another series
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Figure 19. Typical TOF mass spectra of negative ions (left) and positive ions (right) for HNS produced by 1064 nm laser
ablation.
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of peaks can be found at m/z = 50, 66, 74, 80, 82, 92, 100, 116, 126, 136, 152, and 166, these peaks
can be assigned to CHCCHC, CCHCOCH, C H,, CHCCHCNO, CHNCHCNO, CHCCHCCNO,
CH,CN, C,H,CNO, CHCNOCHCNO,, CH,0NO,, CH,0,NO,, and C.H,ONONO, respectively.
Unlike the spectra in the positive mode, there are less ion lines in the negative mode. The dominant
peaks appear at m/z = 24, 28, 40, and 42, which corresponded to C,, CO/N,/CH,N, CH,CN, and
CH,N,/C,H,O/CNO, respectively. Some relatively weak peaks can be found at m/z=30, 52, 71, and

78, which may be due to (CN)Z/CHCNCH, CHCNO,, and CH,N, respectively [18, 29].

4. Conclusions

The structure of flyer target can be divided into two types: single-layer flyer and multilayer
flyer. The main materials of single-layer flyer are Al and Cu. As for multilayer flyer, the
ablation layer materials are mostly C, Al, Mg, Ge, Ti, Zn, etc. AL,O,, MgF,, ZnS, and TiO, are
commonly good choices for thermal insulation materials. Al, Ti, and Cu are usually used
to prepare flyer layers. Four types of flyers including Al/AlL,O,/Al multilayer, C/Al/ALQO,/
Al multilayer, Mg/Al/AlO,/Al multilayer, and Al single-layer were tested with the laser
energy of 36.4-195.1 m] by PDV measurement system. At the same laser energy, Mg/Al/
AlLO,/Al multilayer flyer owns the maximum velocity. Mg layer can greatly improve the
velocity of flyer as the ablation layer. The addition of AlL,O, insulation layer increases the
mass of flyer, which makes the velocity of Al/Al,O,/Al multilayer flyer is lower than that of
Al single-layer flyer. The addition of C absorption layer increases the velocity of C/Al/ALQO,/
Al multilayer flyer at low laser energy. The current mode of PVDF pressure sensor was used
to measure the impact stress of flyer. With the increase of laser energy, the impact stresses of
flyer tend to rise up gradually. Pt of multilayer flyers are higher than that of single-layer fly-
ers. Especially, C/Mg/Al/ALO,/Al multilayer flyer obtains the maximum value of P>t, which
means the best ability to initiate explosive. Besides, five types of flyers including Al and Cu
single-layer flyers and CuO/Cu, CuO/Al and CuO/Al/Cu multilayer flyers with relatively
high velocities were used to initiate PETN explosive. Al single-layer flyer shows the best
performance of initiation in the same laser energies, which succeeded in initiating as long as
the laser energy was higher than 161 m]. A certain range of laser energy is necessary in the
process of laser-driven flyer impact initiation, which can ensure enough velocity and impact
stress of flyer.

Laser jonization time of flight mass spectrometry has been applied to study the decomposi-
tion process of typical energetic materials (RDX, HMX, TNT, and HNS). Both the negative and
positive ion fragments of these energetic compounds were detected. Based on the structure
of explosives, possible attributions of the ion fragments were obtained. The attribution of the
ions was similar for the same explosive at two different wavelengths, it indicated that the
similar dissociation paths involved in the processes of explosives after irradiated by 532 and
1064 nm laser. For the same category of energetic compounds, the attribution of the ions was
similar, that means the dissociation paths were similar. The results might give some help for
the further understanding of the process of laser initiation of explosives.
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